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ABSTRACT 
Radiation effects i n  lithium-diffused bulk s i l i c o n  have been studied 
t o  ascer ta in  the nature of the defects  responsible f o r  the degradation i n  
output of s i l i con  devices (solar c e l l s )  i r r ad ia t ed  by space radiat ion.  
Minority-carrier lifetime temperature dependence measurements were per- 
formed before and after i r r ad ia t ion  with 30-MeV electrons and f i s s i o n  
neutrons. For low fluences of 30-MeV electrons,  the lifetime degradation 
constant 
&l 3 6 x cm2/e-sec K =  A$ 
15 for l i g h t l y  diffused s i l i con  (n(Li)  I 10 
doped s i l i con  of comparable donor denslty.  
l i thium-rich s i l i con  (n(Li) 2 10 
degradation constant i n  lithium-diffused samples did not depend on oxygen 
f o r  30-MeV electron i r rad ia t ions ,  bu t  f o r  f i s s i o n  neutrons the minority- 
c a r r i e r  l ifetime i n  oxygen-rich quartz-crucible (QC) s i l i con  degraded a t  
l e a s t  twice as fas t  (1.6 x 
( F Z )  s i l i con .  The i n i t i a l  recombination center introduction rate seems t o  
be the same a t  a l l  temperatures between 110' and 300°K, but  because of the  
temperature dependence of the capture cross section, the degradation con- 
s t a n t  increases with decreasing temperature. 
found t o  decrease with extended fluences. 
/cc) was the same as phosphorus- 
The degradation constant f o r  
16 /cc) was almost twice as great.  The 
2 cm /n-sec) as i n  oxygen-lean float-zone 
The degradation constant w a s  
Recombination centers  located more than 0.3 e V  from a band edge were 
produced by 30-MeV e lec t ron  i r r ad ia t ions  i n  both FZ and &c s i l icon .  In  
addi t ion t o  the deep centers,  centers  near (Ec - 0.17) eV were observed 
i n  FZ s i l i c o n  both before and after i r rad ia t ion .  Lifetimes a t  and above 
room temperature reflect  recombhation through the  deep centers , which 
were observed t o  anneal by f i r s t -o rde r  k ine t ics ,  
t ions,  ac t iva t ion  energies of Ok30 f 0.10 and 1.0 f 0.2 e V  were found 
f o r  ?Z and QC s i l i con ,  respectively.  
For electron i r rad ia-  
The O.17-eV center  annealed much 
2 
more slowly. 
nearly lolo sec- l  as the l i t h i u m  donor densi ty  increased from about 
4 x 1014 to almost 3 x 10 /cc. One-hour anneals a t  390°K caused more 
than 8% lifetime recovery a t  low f lmnces ,  bu t  a t  high fluences trap- 
ping centers  were seen which could not  be removed by thermal anneal. 
These annealing charac te r i s t ics  suggest migration of l i thium t o  the defect 
center as the annealing mechanism. 
Effect ive frequency f ac to r s  ranged from about lo6 t o  
16 
About 95% of the neutron-induced recombination centers thermally 
annealed between 300" and 400°K. The anneal was clearJy f i r s t -order ,  
with an  ac t iva t ion  energy of 0.67 f 0-05 eV f o r  Fz s i l icon .  Assuming 
f i r s t - o r d e r  annealing, an ac t iva t ion  energy of 1.2 f 0.6 e V  w a s  found 
f o r  QC s i l i cm.  These ac t iva t ion  energies suggest annealing results 
from migration of lithium t o  the recombination center.  
For 30-MeV e lec t ron  i r rad ia t ions  a t  300"K, an electron-spin reso- 
nance invest igat ion showed t h a t  the introduction rate of the oxygen- 
vacancy (Si-B1) center  ranged from t he  normal rate of (% = 0.15 f 0.05 
cm-') i n  l i g h t l y  diffused (10 
cm i n  l i thium-rich (4 x 10 /cc) QC s i l i con .  On thermal anneal, the 
e l e c t r i c a l  conductivity, L d O  density, and Si-B1 densi ty  a l l  decreased 
between 320" and 3 8 0 " ~ .  I n  nondiffused s i l icon ,  the  Si-B1 center  
anneals above 550°K. 
16 /cc) s i l i c o n  t o  less than (0.025 f 0.010) 
-1 17 
+ 
For phosphorus-doped lithium-diffused float-zone and quartz-crucible 
s i l i con  i r r ad ia t ed  a t  or below 15OoK, t o  fluences of 
phosphorus-vacancy (Si-G8) introduction r a t e  (- = 0~16 rt0.05 cm-l) was the 
same as f o r  s i l i c o n  which contained no lithium. LiO resonances were ob- 
served before i r r ad ia t ion  but  disappeared on i r rad ia t ion .  
thermally annealed between 425' and 475OK, as it does i n  nondiffused s i l i -  
cono 
anneal a t  600'~. 
e/cm2 the 
An 
+ 
The Si-G8 center 
15  More than 10 /cc unident i f ied centers remained a f t e r  a 15-minute 
Infrared absorption measurements indicate  the  introduction r a t e  of 
the divacancy (Si-GT) center i s  comparable f o r  e lectron-irradiated lithium- 
16 diffused ( 5  x 10 
of -10 e/cm e 
Li/cc) and nondiffused s i l i con  a t  e lectron fluences 
Sample temperatures were kept below 150'K during and a f t e r  17 2 
3 
i r rad ia t ion .  
compared with 325" t o  575°K i n  nondiffused s i l icon .  
band disappears, new bands near 1.4 and 1.65 pm appear, and these anneal 
near 600"~.  
The divacancy anneals a t  or below 300°K i n  diffused s i l icon,  
A s  t he  1.8-pt1 divacancy 
Although measurements under this contract  were done on bulk s i l i c o n  
diffused with l i t h i u m ,  the desired ult imate goal  i s  a n  operating device- 
namew, a s o l a r  ce l l - tba t  i s  r e s i s t a n t  t o  rad ia t ion  damage. Therefore, 
i n  addi t ion t o  measuring changes i n  the  electronic  propert ies  of bulk 
materials due t o  damaging radiat ion and annealing, it i s  important t o  
be able  t o  pred ic t  t he  e f f e c t  of such changes on the device performance. 
To achieve t h i s  goal, a computer ccde ca l led  F'N has been applied t o  gen- 
e ra t e  s o l a r  c e l l  current-voltage (I-V) output. This code can be used to 
predic t  the steady-state I - V  cha rac t e r i s t i c s  of solar c e l l s  w i ~  a r b i t r a r y  
doping prof i les ,  spec t r a l  l i g h t  in tens i ty ,  nonuniform radiat ion damage, 
e t c .  
fluence and the annealing of t h i s  damage w i t h  t i m e .  
It can include the  degradation of c a r r i e r  lifetimes with radiat ion 
I n  t h i s  report ,  the theory and operation of t h i s  code are b r i e f l y  
discussed. It i s  shown that the code generates accurate I - V  curves f o r  
a r e a l i s t i c  N-on-P diffused-junction so la r  c e l l  geometry. It i s  shown 
t h a t  r e s u l t s  from t h e  PN code f o r  a step-junction so la r  c e l l  agree with 
the predictions of a s implif ied analysis.  This gives confidence t h a t  
the code can be used f o r  more complex (and r e a l i s t i c )  junctions which 
cannot be d i r e c t l y  analyzed. Finally,  the  code i s  applied successfully 
t o  the complicated problem on nonuniform radiat ion dama2e from low- 
energy protons. 
f luence are shown t o  be qui te  close t o  measured r e s u l t s .  
Computer predictions of c e l l  output versus proton 
4 
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1 e INTRODUCTION 
The ove ra l l  purpose of t h i s  program was t o  ascer ta in  the  nature of 
the defects responsible f o r  the degradation i n  output of s i l i con  devices 
( so l a r  c e l l s )  i r r ad ia t ed  by space radiat ion.  
defects and the i r  annealing mechanisms are  known, it w i l l  be possible 
(1) t o  determine the parameters t ha t  w i l l  lead t o  development of radiation- 
hardened devices, (2 )  t o  pred ic t  the e f f ec t s  of radiat ion and annealing 
on so lar  ce l l s ,  and (3) t o  make use of computer programs t o  pred ic t  radia- 
t i o n  e f f e c t s  i n  so l a r  c e l l s  on extended space f l i g h t s .  
When the  nature of the 
The present e f f o r t  was concentrated on the  study of the  e f f ec t s  of 
l i thium on the  production and annealing of damage i n  s i l i con .  
was performed on lithium-diffused bulk s i l i c o n  using measurements includ- 
ing conductivity, H a l l  e f fec t ,  minority-carrier l i fe t ime,  electron-spin 
resonance (ESR), e l e c t r i c a l  conductivity, and inf ra red  absorption. The 
temperature range from 77.5' t o  400°K w a s  investigated.  The damage was 
introduced by 30-MeV electrons and f i s s i o n  neutrons. ( E  > 10 keV) . 
MeV electrons produce defects similar t o  those produced by high-energy protons. 
This work 
Thirty- 
In  recent  years, invest igators  a t  Gulf Radiation Technology (Rad * 
Tech) and elsewhere have car r ied  out basic  research programs i n  an attempt 
t o  determine whether the  degradation i s  caused by primary radiation-induced 
defects o r  by an associat ion of these primary defects w i t h  impurities. The 
annealing propert ies  of these defects  have a l s o  been studied. 
programs, lithium-diffused s i l i con  s o l a r  c e l l s  have shown promise of being 
superior t o  other types of s i l i con  so la r  c e l l s  i n  a radiat ion environment. 
In  these 
There a re  two approaches t o  determining the  f e a s i b i l i t y  of using 
lithium-diffused s i l i c o n  so lar  c e l l s  i n  space applications.  One i s  the 
d i r ec t  approach, i n  which the output charac te r i s t ics  of the  c e l l s  are  
* 
Formerly Defense Sciences Department of Gulf General Atomic Incorporated, 
9 
measured as a function of type of irradiation particle, fluence, lithium 
concentration, time, and temperature. This approach is time-consuming, 
since it requires long-term experiments to measure the cell output char- 
acteristics after an irradiation. In addition, the number of parameters 
to be studied and the various environments to be considered make this 
approach cumbersome, Furthermore, solar cell development progresses 
so rapidly that, by the time testing is complete, the cells often are 
considered obsolete by the manufacturer. The second approach is the basic- 
mechanisms approach, Its objective is to obtain an understanding of the 
physical, microscopic natures of the defects and their annealing. Once 
these are understood, the response of the cells inwrious environments 
can be predicted. This understanding can also lead to recommendations 
for improving the performance of the cells in an irradiation environment. 
The basic-mechanisms approach can complement the direct approach by sug- 
gesting experiments and pointing out important parameters that may other- 
wise have been overlooked. Used together, the two approaches minimize 
the need f o r  long-term experiments. 
In the basic-mechanisms approach, data from silicon solar cells are 
sometimes difficult to interpret because of problems inherent in the use 
of lithium-diffused silicon solar cells. These problems include high 
field effects in the depletion region; large concentration gradients of 
lithium near the junction (ieee, the actual lithium concentration within 
a diffusion length of the junction); effects of irradiation on contacts; 
and aging of contacts. Therefore, at Gulf Rad Tech we have concentrated 
on the electrical properties of bulk lithium-diffused silicon, measuring 
the effects of irradiation with 30-MeV electrons and fission neutrons 
and subsequent annealing behavior. 
minority-carrier lifetime measurements, since solar cell efficiency depends 
strongly on this parameter. 
Special emphasis has been placed on 
Minority-carrier lifetime measurements supply information about the 
nature of the recombination centers. Lifetime studies in lithium-diffused 
silicon for preirradiation and postirradiation and preanneal and post- 
anneal conditions indicate recombination center densities and energy 
10 
levels and their annealing characteristics. These studies have been 
carried out for samples with varied lithium and oxygen concentrations 
and at various temperatures. 
Electron-spin resonance (ESR) measurements yield additional detailed 
information about radiation-induced defects which may be responsible for 
lifetime degradation. Under favorable conditions, this technique may 
specifically identify the centers observed in minority-carrier lifetime 
studies. The ESR technique was previously used to study the production . 
and annealing of the oxygen-vacancy (Si-Bl), the divacancy (Si-G7), and 
the phosphorus-vacancy (Si-G8) centers in lithium-diffused silicon. In 
the present investigation, optical techniques were applied to the divacancy 
study, and the ESR study of the phosphorus-vacancy was completed. 
Infrared (IR) absorption techniques have been used to augment the 
findings of ESR measurements of the divacancy. Infrared absorption mea- 
surements are less sensitive than ESR measurements, but unlike ESR can 
generally be used to observe defects regardless of their charge state. 
The presence or absence of oxygen in samples was checked by IR techniques. 
Electrical resistivity measurements were used to determine the lithium 
concentration and to help determine the position of the Fermi level for 
the ESR and minority-carrier lifetime studies, Donor density estimates 
based on resistivity measurements were periodically corroborated by Hall 
effect measurements e 
The program amassed a considerable amount of experimental evidence 
on production and anneal of radiation damage in bulk silicon of various 
lithium, phosphorus, and oxygen concentrations at various temperatures. 
Both high-energy electrons and fission neutrons have been used as irradia- 
tion sources. Minority-carrier lifetimes indicate the energy levels and 
recombination center production rates e 
red absorption measurements have supplied information on the production 
and anneal of certain specific defects e 
Electron-spin resonance and infra- 
The incentive for collecting this information is to attempt to 
(1) understand the specific nature of the radiation-induced damage and 
11 
i t s  re la t ionship  t o  l i thium content, and ( 2 )  t o  apply t h i s  information 
t o  the case of a lithium-diffused so la r  c e l l  exposed t o  space radiat ion.  
To accomplish the second objective, a computer program has been gener- 
a ted which calculates  the  current-voltage output of a so la r  c e l l  when input 
parameters a re  supplied such as  the  spec t r a l  i n t ens i ty  of t he  i l lumination 
and the  i n i t i a l  d e t a i l s  of the c e l l  construction (i .e e , junction depth, 
doping prof i les ,  c a r r i e r  l i fe t imes,  e t c  ) e Further, the e f fec ts  of radia- 
t i on  damage and thermal anneal can be simulated and the  so la r  c e l l  output 
recalculated f o r  c e l l s  i n  various stages of degradation and recovery. 
Experimentally determined degradation and annealing r a t e s  of bulk s i l i con  
supply the information required by the code t o  simulate degraded and 
annealed ce l l s .  This code shows grea t  po ten t i a l  for supplying quant i ta t ive 
predictions of so l a r  c e l l  output f o r  any var ie ty  of c e l l  constructions and 
ambient conditions. Judicious use of the  code could considerably reduce 
the number of c e l l s  and var ie ty  of experimental conditions current ly  re -  
quired t o  e s t ab l i sh  the response of c e l l s  exposed t o  r e a l  or simulated 
space radiat ion.  
To show the worth of t h i s  code, it has been applied t o  the i n i t i a l  
and degraded output of a typ ica l  N-on-P so lar  c e l l  exposed t o  proton 
i r r ad ia t ion  
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2. IRRADIATDN FACILITIES 
Most of the  i r r ad ia t ions  f o r  t h e  present program were performed a t  
the Gulf Rad Tech electron l i n e a r  accelerator  (Linac) f a c i l i t y .  
f a c i l i t y  contains an L-band traveling-wave electron accelerator  capable 
of producing electrons with energies between 3 and 45 MeV, pulse widths 
from 0.01 t o  5 psec, and peak currents of approximately 700 mA. This 
machine was used both as the source of displacement radiat ion and as the  
ionizing rad ia t ion  source needed t o  obtain excess ca r r i e r s  i n  the  l i fe t ime 
experiments. The in t ens i ty  and pulse widths were reduced f o r  t he  ioni-  
zation pulses t o  minimize displacement damage t h a t  would occur as a resul t  
of these pulses. 
This 
A second source of ionizing pulses f o r  the  l i fe t ime experiments was 
a Rad Tech f l a s h  X-ray. 
keV X-rays. 
strobe l i g h t  was a l s o  used t o  i n j e c t  ca r r i e r s .  
This machine del ivers  a 120-nsec pulse of 600- 
For samples with lifetimes greater  than 20 psec, a Xenon 
The Gulf Rad Tech Accelerator Pulsed Fast  Assembly (APFA) was one 
f i s s i o n  neutron source f o r  minority-carrier l ifetime studies.  The APFA 
i s  a T-in.-diameter uranium (93% U 235) unreflected fas t  reactor  which can 
be operated as e i t h e r  a steady-state reactor  o r  a r epe t i t i ve ly  pulsed (up 
t o  720 pps) subc r i t i ca l  fast  neutron source. The AF'FA of fers  easy acces- 
i b i l i t y  f o r  posit ioning of t e s t  samples, g rea t ly  f a c i l i t a t i n g  i n  s i t u  mea- 
surements. Samples may be located inside a 3/4-ine-diameter hole i n  the 
reactor  or  adjacent t o  t he  core. Once the  t e s t  samples a re  i n  position, 
the  reac tor  is  brought t o  the desired r eac t iv i ty  configuration and ( i f  
desired)  pulsed. 
-- 
Two other neutron sources employed were the  Gulf General Atomic 'IIIIGA 
reactor  and a Fansteel  and uranium t a r g e t  (3-ine-dia.)(y,n) neutron source. 
The l a t t e r  was used i n  conjunction with the Linac, using Bremsstrahlung 
from 40-MeV electrons t o  i n i t i a t e  the  (y,n) reaction., 
were not attempted with e i the r  of these neutron sources. 
In-s i tu  measurements -  
3. SAMPLE PREPARATION 
In the initial work with lithium-diffused silicon performed by Gulf 
Rad Tech, samples were prepared by NASA/Goddard; Centralab, Semicon- 
ductor Division, Globe Union, Inc.; and Radio Corporation of America. 
Subsequently, in order to save time and ensure that our sample require- 
ments were met, we produced our own lithium-diffused samples. Silicon 
was diffused by two techniques: lithium-oil paint-on and lithium-tin bath 
diffusion. Details of these diffusion techniques have been presented 
previously. (2) 
The same diffusion techniques were used to prepare the samples inves- 
tigated in this reporting period. In addition to these two techniques, a 
third technique was employed using lithium-aluminum hydride in ether as 
a diffusion source. ( 3 )  
As previously reported, the probability of obtaining a uniform 
lithium donor density was less using the lithium-oil diffusion than by 
other techniques. However, the paint-on process is so convenient 
to use, when attempting to make a small number of samples of a particular 
donor density, that we continued to rely heavily on this process. After 
diffusion and redistribution, lithium donor density was established by 
measuring resistivity profiles by a four-probe technique. 
uncertainty, or measurement-to-measurement scatter using the four-probe 
apparatus, is estimated to be &12%- In this process, the resistivity was 
measured at various points across the front and back surfaces of the dif- 
fused and redistributed 2-m-thick slabs. 
mities greater than about 20% were discarded. 
of uniform resistivity, a portion of the sample was thinned in 0.25 mm 
increments by lapping or sawing off one side, and the resistivity of each 
side was remeasured. The measured resistivity was corrected for the diminish- 
ing sample thickness according to the method of Valdes. (4) Samples show- 
ing nonunif ormities greater than about 20% across their thickness were also 
di s car de d 
The experimental 
Samples which showed nonunifor- 
If a sample appeared to be 
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Final ly ,  t he  l i thium donor densi ty  was estimated from the measured 
four-probe r e s i s t i v i t y  using data by Irvin,(5)  and compared t o  e i t h e r  the 
r e s i s t i v i t y  of a completed sample, or t o  t h e  H a l l  coeff ic ient  of a com- 
pleted sample, or both. Thus, t he  l i thium donor density i s  thought t o  
be uniform t o  within 2% f o r  every sample. 
t i o n  procedure would be in to le rab le  i n  a manufacturing operation, but  was 
acceptable f o r  making the  small batch-lots required f o r  t h i s  research 
program. 
This ra ther  tedious evalua- 
4. STUDY OF MINORITY-CARRIER LIFETIME 
4.1 INTRODUCTION 
Minority-carrier lifetime measurements have been studied for several 
reasons. First, changes in minority-carrier lifetimes due to radiation- 
induced defects can be observed at very low fluence levels (approximately 
2 lo1* e/cm ), making these measurements some of the most sensitive measure- 
ments available. Second, the temperature dependence of minority-carrier 
lifetime establishes the density and energy levels of recombination cen- 
ters. Third, the solar cell output can be related to the minority-carrier 
lifetime ( 7 ) .  A discussion of the relationship between solar cell perfor- 
mance and minority-carrier lifetime is presented in Section 6 of this 
report e 
4.2 MINORITY-CARRIER LIFETlME MEASUREMENT TECHNIQUES 
The minority-carrier lifetimes were measured by two techniques. The 
first was the standard photoconductivity decay method, and the second was 
the steady-state photoconductivity method. 
4.2*1 Photoconductivity Decay 
The photoconductivity decay technique is described in Ref. 1. Three 
penetrating carrier-injection sources were employed: a filtered Xenon 
strobe light, a 600-kev flash X-ray, and a low-level, 0.l-psec pulse of 
30-MeV electrons 
used. The same preirradiation, low-injection-level lifetime was measured 
using all three injection sources. Photodecay signals were observed on 
an oscilloscope and photographed. When necessary, these data were reduced 
by a computer calculation, as previously described, 
Carrier-injection levels of less than 1% were generally 
(6) 
4,2.2 Steady-State Photoconductivity 
The steady-state photoconductivity 
irradiation experiments and some of the 
technique was used for the neutron 
electron irradiation experiments a 
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For these measurements, minority carriers were injected with a tungsten- 
filament light source which was chopped by a toothed wheel at 10 Hz 
before passing through a lens system, water, gallium arsenide and silicon 
filters. At equilibrium, the change in conductivity is A0 = gre (y + 
p )> where g is the generation rate of the light source and p 
P n P 
the electron and hole mobilities. The direct-current conductivity is 
o0 = n ey 
3 
n 
and 1-1 are 
Thus, holding the sample current constant, one finds that 0 ne 
3 The signal observed was dc voltage (V) modulated by a 10 -Hz chopped 
signal of amplitude AV = V. From Eq. 1, it is clear that 
The constant A 
paring the measured 
steady-state signal 
~ 
A = 1 to 3 x lo-* sec, depending on the light iqtensity. 
levels of less than 1% were used. 
Carrier-injection 
was empirically determined for each sample by com- 
photodecay lifetime ( 7 )  with the amplitude of the 
(AV/V) at one or more temperatures Characteristically, 
4.3 EXPERIMENTAL 
4.3.1 Samples 
Vacuum float-zone silicon samples used in these lifetime investiga- 
4 tions were fabricated from 10 -ohm-cm n-type silicon. This high-purity 
material had a room temperature lifetime of about 10 
diffusion, Quartz-crucible samples were lithium-diffused from 60-ohm-cm 
phosphorus-doped material which had an initial room-temperature lifetime 
in excess of 100 ysec. 
3 psec before lithium 
Thus, the density of recombination centers prior to diffusion was 
negligibly low, The samples were lithium-diffused by either the lithium- 
tin bath or one of the paint-on techniques. Lifetime samples were of the 
standard four-lead configuration. H a l l  e f f ec t  samples had an addi t ional  
lead midway between the  voltage leads, on the back of the sample. Gold 
preforms were u l t rasonica l ly  tacked t o  i e 6  x i e 6  x 10 mm samples and 
bonded by heating t o  45OoC f o r  7 mine E lec t r i ca l  leads of 0.002-in. cop- 
per were soft-soldered t o  the gold dots, and a copper-constantan thermo- 
couple was cemented t o  one end of the sample with GE-7031 insulat ing 
varnish. 
Figure 1 shows typ ica l  conductivity and H a l l  e f f ec t  r e su l t s  on a 
lithium-diffused float-zone s i l i con  sample. A donor density of 2.5 x 
10 /cc  w a s  estimated from the  room-temperature r e ~ i s t i v i t y . ‘ ~ )  
duct ivi ty  decrease with increasing temperature i s  a t t r i bu ted  t o  the  tem- 
perature dependence of l a t t i c e  scat ter ing.  
14 The con- 
(7) 
4 e 3 e 2 Sample Chambers 
Samples were attached t o  headers which could be in s t a l l ed  i n  e i t h e r  
of the two variable-temperature chambers i l l u s t r a t e d  in  Figs. 2 and 3. 
To i n j e c t  ca r r i e r s ,  a tungsten l i g h t  source, lens, and chopper system was 
used i n  the  steady-state minority-carrier l i fe t ime measurements. The 
tungsten source and chopper could be replaced with a Xenon strobe lamp, 
600-keV f l a s h  X-ray, o r  l i n e a r  accelerator  f o r  photodecay measurements. 
When the in jec t ion  source had t o  be f i l t e r e d  t o  remove nonpenetrating 
l i gh t ,  water, gallium arsenide, and s i l i c o n  f i l t e r s  were used. In  both 
chambers the  s i l i c o n  f i l t e r  was mounted on the sample block so  t h a t  it 
was always a t  the  sample temperature. Thermocouples and resis tance 
heaters were included t o  permit monitoring and adjusting of the temperature. 
The chamber in  Fig. 3 f i t  between the pole pieces of an electromagnet and 
was used t o  make H a l l  e f f e c t  measurements. 
4,4 MINORITY-CARRIER LIFETIME RECOMBINATION THEORY 
The theory of recombination of excess ca r r i e r s  has been t r ea t ed  by 
others, (8-10) and the r e l a t ion  between theory and experimentally measured 
quant i t ies  has been reported e a r l i e r ,  (19 2”1”2) 
summarized as follows 
The conclusions can be 
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Fig, 3 Variable-temperature (50" t o  500°K) cryostat  used to  m&e 
e l e c t r i c a l  and opt ica l  measurements 
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The Shockley-Read theory f o r  a s ingle- level  defect assumes t h a t  the  
number of recombination centers i s  small r e l a t i v e  t o  the  excess-carrier 
density. This assumption implies t h a t  t he  excess e lectrons and holes 
have equal dens i t ies  and l i fe t imes.  The expression f o r  the l i fe t ime i n  
t h i s  case i s  
n + n  +An  
no + Po + A n  + T  n ( 3 )  
0 1  
where n and p are the thermal equilibrium electron and hole concen- 
t ra t ions ,  n and p are  t h e  electron and hole concentrations calculated 
when the Fermi l e v e l  i s  assumed t o  l i e  a t  the recombination center level ,  
An = A p  i s  the  excess-carrier concentration, T i s  t h e  l i fe t ime f o r  
e lectrons i n  highly p-type material, and T i s  the l i fe t ime f o r  holes i n  
highly n-type material .  
interchanged), where n >> p , dividing by n gives 
0 0 
1 1 
n0 
PO 
In n-type mater ia l  ( f o r  p-type, n ’ s  and p’s  a re  
0 0 0 
or  
where 7 (low-injection-level l i f e t ime)  and T (high-injection-level 
l i f e t ime)  a re  the  corresponding terms i n  the  equations. 
R h 
Our measurements were la rge ly  confined t o  low-injection-level mea- 
surements (An/no < l$) i n  n-type material .  
f o r  two spec ia l  cases. 
The low-injection-level l i f e -  
time, T~ = T (1 + nl/no) + T (pl/no), may be s implif ied i n  t h i s  l i m i t  
PO 
Case 1: When the recombination l e v e l  (E ) is  c loser  t o  a band edge T 
than the  Fermi l e v e l  (%), e i t h e r  
22 
1 ' no' P I  7 n  > n  pl 0 1 '  or  
and 
where 
n = NC exp(ET - EC)/kT , 1 
where N and N a r e  the conduction and valence band ca r r i e r  densi t ies .  
Forcing the  Fermi l eve l  below the recombination l eve l  contributes an 
exponential fac tor  t o  the l i fe t ime temperature dependence. 
C v 
Case 2: When the Fermi energy is  wel l  above the recombination center 
level,  
The temperature dependence of T i s  found i n  terms containing T 
PO , nl, pl, and n The term n i s  known, however, and can be extracted 0" 0 T 
from the data. The temperature dependences of T and T are  exhibited 
through the thermal velocity, Vth, of the car r ie rs  and the  capture cross 
section, CJ , where 
0 
0 n PO 
1 - 7 
PO NBvth" p 
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and 
1 
I 
T =  
no 'RVthc'n ' 
and where N i s  the concentration of recombination centers.  R 
Theoretical  work on the temwrature dependence of the cross sect ion 
for neut ra l  and a t t r a c t i v e  recombinatiun centers  has been performed b-v ... Y 
Leadon (12) and Lax. (13) A br i e f  summary of Lax's theoxy i s  given i n  Ref.  
14. 
the s ingly charged a t t r a c t i v e  center a d  the neut ra l  center. 
Figure 4 gives the temperature dependence f o r  the cross sections of 
4 e 5 MINORITY-CARRIER LIFETIME MEAS-S 
The experimental study of the e f f e c t s  of radiat ion and annealing on 
the minority-carrier lifetime of lithium-diffused s i l i con  was undert&en 
because minority-carrier lifetime i s  d i r e c t l y  r e l a t ed  t o  so l a r  c e l l  out- 
puts. I n  this and previous programs, (1j2) m a t e r i a  parameters and 
experimental conditions were varied i n  an e f f o r t  t o  obtain enough in fo r -  
mation t o  permit predict ion of solar c e l l  response f o r  a va r i e ty  of c e l l  
parameters and environments. Solar c e l l s  may be fabricated from oxygen- 
r i c h  (quartz-crucible) o r  oxygen-lean (float-zone or Lopex) s i l i con .  
The li thium donor densi ty  of a c e l l  i s  spatially variable,  and the  
temperature a t  which a c e l l  operates depends on i t s  mission or environ- 
ment. The c e l l  environment a l so  determines the nature of the degrading 
radiation. Hence, w e  have attempted t o  determine the nature of the 
degradation and annealing cha rac t e r i s t i c s  of minority-carrier l i fe t ime 
i n  bulk lithium-diffused s i l i con  as a function of (a) oxygen content, 
(b) l i thium donor density,  ( c )  i r r ad ia t ion  temperature, and (a) fluence. 
During this contract  period, the bulk of the experimental investiga- 
t i on  w a s  devoted t u  the study of high-energy electron and neut rm damage 
i n  r e l a t ive ly  low-lithium-density, oxygen-rich (quartz-crucible ) a d  
oyygen-lean (f loat-zone) bulk s i l icon .  During previLous investigations,  
reported i n  d e t a i l  elsewhere, (" 2, high-lithium-density quartz- crucible 
(QC) and high- and low-lithium-densiw floa-ti-zone (E) s i l i con  were in-  
vestigated.  This section i s  organized as follows. First, OUT e a r l i e r  
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Fig. 4 Recombination cross sect ion i n  s i l i con  versus temperature 
resu l t s  on high- and low-density lithium-diffused electron-irradiated 
FL s i l icon  are  summarized. Then prior resu l t s  on high-lithium-density 
oxygen-rich material  are reviewed. Finally, the resu l t s  cn lithium-lean 
oxygen-rich electron-irradiated s i l icon  are presented. 
After presenting the results of electron-irradiated sil icon, we 
review prior  measurements on neutron-irradiated sil icon, a d  current 
resu l t s  are presented. 
4.5.1 30-MeV Electron Irradiations i n  Heavily Diffused FZ Silicon* 
Several samples of 10 -ohm-cm high-purity float-zone s i l icon  were 4 
lithium-diffused t o  lithium donor densi t ies  ranging f r m i  1.5 to -5 x 
10 Donor densi t ies  were determined by r e s i s t i v i w  and H a l l  e f f ec t  
measurements. Experimental resu l t s  on samples diffused by the NASA God- 
dard Space Flight Center and samples diffused by G u l f  Rad Tech were i n  
agreement e mese samples a l l  had preirradiation room-temperature 
minoriw-carrier l i fe t imes of less than 5 psec; hence, only room- 
temperature l ifetime degradation rates were measured. A t  these high 
donor densit ies,  the Fermi l e v e l  can only be swept from about (Ec - 0.03) 
eV a t  77°K to  about (Ec - 0.2) eV near 400°K. 
a t  room temperature for 30-MeV electron i r radiat ions.  
ra te  i s  approximately twice tha t  observed f o r  phosphorus-doped s i l icon 
of equivalent donor density.M A s t d y  of the temperature dependence of 
minority-carrier l i fe t ime indicated that the preirradiation l ifetime w a s  
due t o  a t t r ac t ive  centers more than 0.17 eV from a bard edge and that 
the radiation-induced recombination center was probably neutral, located 
more than 0 .l7 e V  from a band edge 
16 /cc. 
An average minority- 
c a r r i e r  l ifetime degradation ra te  of 1.1 f 0.2 x 10 7 2  cm /e-sec was observed 
This degradation 
The r e su l t s  of isothermal and ?-minute isochronal anneals indicated 
t k e  annealing kinet ics  were f i rs t -order ,  with the annealing stage cen- 
tered near 320°K. An act ivat ion energy of E = 0.85 f 10 eV and a f r e -  
quency fac tor  of v 
fluences up t o  about 1 0 ~ 3  e/cm , the thermal anneal of minority-carrier 
l ifetime w a s  essent ia l ly  complete. 
1011 sec-l  w e r e  deduced fran these data. For 
2 0 =  
~- ~~~ 
*Results reported i n  d e t a i l  i n  Ref. 1. 
*Refer t o  Fig I 2  e 
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4,5.2 30-MeV Electron Irradiat ions i n  Lightly Diffused FZ Silicon* 
4 Several minority-carrier lifetime samples were fabricated from 10 - 
ohm-cm I% s i l icon  which had been lithium-diffused by e i the r  the lithium- 
o i l  paint-on or lithium-tin bath technique t o  lithium donor densit ies of 
from 3 t o  5 x 10 I n i t i a l  minority-carrier l i fe t ime degradation 
rates a t  room temperature were found to  be (K = 6 f 2 x lom8 cm2/e-sec), 
the same as f o r  s i l i con  of comparable donor density which contained no 
lithium.* A study of the minority-carrier l ifetime temperature depen- 
dence provided evidence of two recombination centers, with one center 
(which could be e i ther  neutral  or a t t r ac t ive )  located about 0.17 eV 
14 /cc. 
below the conduction band and a second a t t r ac t ive  center fur ther  than 
0.35 eV from e i the r  band edge. These two centers were present before as 
wex1 as after i r radiat ion.  
might be s t i l l  b e t t e r  described by assuming a t h i d  recombination center 
within 0.10 eV of the conduction band, where other investigators have re- 
p r t e d  centers (15 ) However, the i n i t i a l  minority-carrier l ifetime near 
room temperature i s  almost en t i re ly  controlled by the deep centers, and 
A t  low temperatures, data on these samples 
the room-temperature 
o f  r a d i a t  ion-induced 
i n  the 360" to  400°K 
an act ivat ion energy 
degradation rate primarily re f lec ts  the production 
deep centers. 
range indicated f i r s t -order  annealing kinet ics  w i t h  
of E = 0.75 f 0.10 eV and a frequency fac tor  of 
Isothermal anneals a t  t e m p e r a t u r e s  
6 -1 v M 10 sec 
Measuring the minority-carrier l ifetime t e m p e r a t u r e  dependence be- 
fore and after i r radiat ion with 30-MeV electrons and before and after 
various anneals indicated that the rapid f i r s t -order  anneal i s  primarily 
due to the disappearance of the deep center. Typical resul ts  are  shown 
i n  Figs. 5 and 6. 
essent ia l ly  unaffected by a one-hour anneal a t  390"K, but were observed 
t o  decrease i n  number when the sample w a s  stored near room t empra tuE  
f o r  a period of days (10 t o  30 da;ys). 
Under heavy i r radiat ion (@ 2 4 x 
The centers i n  the v i c in i ty  of (Ec - 0.17) eV were 
2 e/cm ), trapping centers were 
observed after anneal which were unaffected by fur ther  anneals of  up t o  
66 hours a t  430°K. 
*. 
* Reported i n  d e t a i l  i n  Ref Refer t o  Fig. 12, 
2. 
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Fig. 6 Temperature dependence of minoriw-carrier l ifetime f o r  
30-MeV electron-irradiated lightly-diffused F!Z s i l icon  
The minor i tpca r r i e r  l ifetime degradation rate w a s  measured a t  
temperatures between 115" and 300°K. 
are shown i n  Fig. 7. The uncertainty i s  relat ively high because the 
degradation ra te  varies by 30 to  50% from sample to  sample and, f o r  any 
given sample, depends on i t s  previous i r rad ia t ion  and anneal history.  
Nevertheless, no i r rad ia t ion  temperature dependence of the recombination 
center introduction rate  w a s  noted, as  evidenced by the absence of any 
anneal below ro3m temperature. The degradation rate measured a t  about 
ll5'K was close to ten times as  great as t h a t  measured a t  300°K. This 
difference i s  a t t r ibu ted  t o  the temperature dependence of the recombina- 
t i m  center 's  capture cross section, and implies tha t  solar ce l l s  
operated a t  temperatures below room temperature would degrade more rapidly 
than similar ce l l s  run a t  room temperature. 
The resu l t s  of these measurements 
4.5.3 30-MeV Electron Irradiat ions i n  Heavily Diffused QC Silicon* 
The primary differences between Czochralski-grown quartz-crucible (QC) 
and vacuum-float-zone (E) si l icon i s  t h a t  QC s i l i con  has an oxygen concen- 
t r a t ion  one to two orders of magnitude higher than FZ si l icon (O(FZ) 5 
10 
in  E than i n  QC s i l icon.  
16 17 /cc, O(QC) 2 10 /e.), while the dislocation density i s  much greater 
Minority-carrier l ifetime studies were performed on samples of 50- 
ohm-em phosphorus-doped s i l icon  which w a s  l i th im-di f fused  by Centralab 
Semiconductor Products t o  a l i t h i u m  donor density of about 1 x 10 /cc. 
Diffusion w a s  by the paint-on technique. Preirradiation room-temperature 
16 
minority-carrier l i fe t imes were approximately 6 psec, dropping t o  about 1 
psec near 100°K. 
degradation rates a t  reduced temperatures, The room-temperature minority- 
ca r r i e r  lifetime degradation constant w a s  the same as f o r  heavily diffused 
F!Z s i l i con  or i s  independent of oxygen content (K = 1.1 f. 0.2 x 
e-see). 
donor dens i t y ,  The temperature dependence of -the preirradiation minority- 
These l ifetimes were too short  t o  effect ively measure 
2 
cm / 
This i s  twice as high as phosphorus-doped s i l icon of comparable 
ca r r i e r  l ifetime w a s  bes t  described by a single a t t rac t ive  center, located 
more than Oe17 e V  fram eitiher band edge, The high i n i t i a l  donor density 
?Described i n  d e t a i l  i n  Ref e 1. 
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prevented moving fne Fermi leve l  below about (E 
l eve l  dependence measurements tended t o  support the single-level assign- 
m n t ,  both before and after irradiat ion w i t h  30-MeV electrons. Comparing 
pre - and postirradiation minori.ty-carrier l i fe t ime temperature dependences 
suggested (with reservations imposed by experimental uncertainties) a neu- 
t r a l  radiation-induced center more than 0.17 eV from a band edge. 
thermal anneals indicated f i rs t -order  annealing kine t i c s .  
isochronal anneals showed an annealing stage centered near 365°K. 
- 0.2) eV. Injection 
C 
Iso- 
Five-minute 
Analysis of these anneals resulted in  activation energy estimates of 
E = 0.75 f. 0.10 eV and effect ive frequency factors  of about 10 
2 For fluences up t o  about 1013 e/cm , complete recovery of minority-carrier 
l ifetime was observed a t  a l l  temperatures from 100" t o  400'K. 
8 -1 sec . 
4.5.4 30-MeV Electron Irradiat ions i n  L i g h t l y  Diffused QC Silicon 
During t h i s  contract  period, the bulk of the minority-carrier l i f e -  
time studies have been performed on 30-MeV electron-irradiated lithium- 
diffused high-purity QC si l icon. 
f r o m  Wacker Chemical Company. 
A .6O-ohm-cm si l icon boule w a s  purchased 
Figure 8 shows the minority-carrier-lifetime temperature dependence 
Assuming a capture cross section as given by of the s t a r t i ng  material. 
L a ,  (13) this temperature dependence indicates recombination due t o  about 
4 x 10 
Two-millimeter-thick s l i ce s  of s i l i con  were lithium-diff used by the 
l i thium-oil  paint-on technique and redistributed t o  a uniform donor den- 
s i t y  of about 2 x 10 
measurements. The r e s i s t i v i t y  of these samples was about 2 ohm-em. 
10 /cc a t t r ac t ive  centers f a r the r  than 0.4 eV from a band edge. 
15 /cc, as determined by r e s i s t i v i ty  and H a l l  e f fec t  
That the 60-0hm-cm material actual ly  contained oxygen w a s  ver i f ied 
by infrared absorption measurements of the 9-pm absorption band due to  
oxygen. 
0.4-ohm-cm FZ s i l icon  previously used i n  l i f e t i n e  and ESR measurements. 
4 Only a small 9-pm l a t t i c e  band w a s  observed i n  the 10 - and (16) 
Figure 9 shaws a family of curves of minority-carrier l ifetime fo r  
tb  2-ohm-cm liIM-um-diffused QC s i l icon versus temperature, including 
preirradiation, postirradiation, and pos tirradiation-postanneal measure - 
mentss These l i fe t ime temperature dependences can be at t r ibuted t o  
32 
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Fig 8 Temperature dependence of minority-carrier l i f e  time fo r  
60-ohm-cm QC s i l i con  (not lithium-diffused) 
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Fig. 9 Temperature dependence of minority-carrier l i fe t ime f o r  
a 2-ohm-cm lithium-diffused QC s i l i con  Sam l e 9  before 
trons a t  300°K and after a 25-minute anneal a t  385°K 
and a f t e r  i r r ad ia t ion  with 2.7 x lox2 e/cm 3 30-MeV elec-  
34 
recombinatim through a t t r a c t i v e  centers more than 0.3 e V  from a band 
edge. If the  capture cross sections of Lax a re  used, the  pre i r rad ia t ion  
l ifetime indicates  about 6 x lo1' centers/cc, r i s i n g  t o  about 5 x 10 
centers/cc after i r r ad ia t ion  t o  a fluence of 2e6  x 10l2 e/cm2 and drop- 
ping t o  about 1.2 x 10 For the  
sample shown in  Fig. 9, the  room-temperature minority-carrier l i fe t ime 
degradation constant was found t o  be K = 3.9 f 0-3  x 10 
The average 300'K degradation constant f o r  QC lithium-diffused s i l i con  
(n(Li )  - 2 x 10 /cc>was K = 5 1 x 10 cm /e-sec. 
11 
11 /cc a f t e r  a 25-minute anneal a t  385'K. 
-8 2 cm /e-sec. 
15  -8 2 
Figures 10 and 11 are p lo t s  of inverse lifetime versus fluence f o r  
other  2-ohm-cm samples, showing 300°K l i fe t ime degradation and anneal. 
Figure 12  summarizes the degradation constant r e su l t s  f o r  both 
oxygen-rich (QC) and oxygen-lean (FZ) lithium-diffused s i l icon  exposed 
t o  30-MeV e l e c t r m s  a t  300°K. 
on the l i thium donor density,  bu t  seems t o  be independent of oxygen con- 
centrat ion.  Also Shawn i n  Fig. 12 i s  a theo re t i ca l  prediction, (17) and 
some experimental results f o r  phosphorus-doped s i l i con  which contained 
no l i th ium.  
The degradation constant i s  seen t o  depend 
Figure 13 shows the minoriw-carr ier  lifetime temperature dependence 
before and after i r r ad ia t ion  a t  112°K. Also shown i s  the lifetime t e m -  
p e ra ture  dependence after a 30-minute9 390°K anneal. Again, the l i f e -  
t i m e  temperature dependence can be a t t r i bu ted  t o  a t t r a c t i v e  deep recom- 
bination centers.  From these measurements, a defec t  center  introduction 
rate of 0,15 cm-l i s  estimated, i f  Lax's cross sect ion i s  assumed, f o r  
i r r ad ia t ions  w i t h  30-MeV electrons a t  a l l  temperatures between 100" and 
300°K. For these samples, the measured degradation constant as a func- 
t b n  of temperature i s  compared with lithium-diffused EZ s i l i con  of 
mmparable donor densi ty  i n  Fig, 7* 
of these samples, both isochronal and isothermal anneals w e r e  performed 
after room- temperature i r r ad ia t ion  e 
To determine t h e  annealing behavior 
Figure 14 shows the unannealed f r ac t ion  of annealable recambination 
centers  versus anneal t i m e  f o r  isothermal anneals a t  severa l  temperatures 
between 385" a d  4ll"K. The annealing results of three separate 2-ohm-cm 
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40 
Fig. 14 
lithium-diffused QC samples are shown. I n  these plots,  the defect den- 
s i t y  i s  taken to  be inversely proportional t o  the minoritg-carrier l i f e -  
time, so the unannealed fract ion of annealable defects i s  
U T t  - U T f  
f =  l / T o  - l / T f  9 
where T~ i s  the l i fe t ime a t  time t, 
T i s  the l i f e t b e  before annealing, and 
T 
0 
f i s  the l i fe t ime when annealing has ceased. 
For isothermal anneals, the lifetime is  measured a t  the anneal 
temperature. Within the experimental uncertainty, the unannealed frac-  
t ion of annealable defects i s  found t o  sa t i s fy  the relationship N ( t )  = 
No exp[-R(T)tl so t h a t  the anneal i s  f i r s t -order  (18) (i.e.9 m/d t  = 
-RN). The ra te  constant R(T) = ve exp[-E/kT] i s  temperature-dependent. 
Analysis of the isothermal anneal data yields the activation energy, E, 
of the process. 
vation energy of E = 0.90 f 0.20 eV. 
of the activation energy could resu l t  from 
The isothermal data shown i n  Fig. 14 yielded an ac t i -  
The re la t ive ly  large uncertainty 
an uncertainty of only 
f 3 O K  i n  the isothermal annealing temperature. 
factor,  v , was calculated t o  be between 10 and 10 sec 
The effective frequency 
8 10 -1 
e 
Figure 1 5  shows the unannealed fract ion of annealable defects 
a f t e r  5-minute isochronal anneals a t  the indicated temperatures. For 
these measurements, the minoriw ca r r i e r  i s  measured a t  300°K before 
and after the ?-minute isochronal anneals a t  elevated temperatures, and 
the  unannealed fract ion i s  given by 
~ / T T  - l / T f  
f ( E )  = 9 
where T~ i s  the lifetime a t  3OO0K immediately a f t e r  annealing a t  t e m -  
perature T b  The r e su l t s  of f i ve  isochronal anneals on four  d i f fe ren t  
samples are shown i n  Fig. 15., 
occurs within 20" to e i the r  side of 375"K0 
anneal data of Figo 14  and the narrow annealing range of Fig. 15 indicate 
It is  c lear  t ha t  90s of the  annealing 
Linearity of the isothermal 
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the anneal i s  a f i r s t -order  annealing process with a single activation 
energy. Analysis of isochronal data  indicates an activation energy of 
about 1.0 f 0.2 eV. These resu l t s  are i n  agreement with the annealing 
activation energies reported by other experimenters ('9j20) on lithium- 
diffused oxygen-containing sil icon solar ce l l s ,  and agree reasonably 
well with the act ivat ion energyfor motion of lithium in  QC s i l icon.  (21) A 
single annealing stage centered near 365OK was previously observed i n  more 
heavily diffused QC s i v c o n  ( p  = 0.67 ohm-cm, no z 10 /cc),(') and i s  
shown f o r  comparison i n  Fig. 15. 
16 
It i s  very interest ing tha t  the minority-carrier lifetime shows no 
evidence of the Si-B1 (oxygen-vacancy) center. 
In low-energy electron-irradiated QC n-type sil icon, investiga- 
to rs  '22y23) f e e l  t ha t  the Si-Bl center complex i s  the main recumbination 
center. These same investigators have suggested, by indirect  measure- 
ment , tha t  i n  1-MeV electron-irradiated lithium-diffused QC si l icon, the 
B 1  center i s  s t i l l  the main recombination center. However, other inves- 
t iga tors  have shown by d i r ec t  measurement tha t  the B 1  center 
introduction rate i s  decreased by the presence of lithium. These two 
resu l t s  on li-thium-diffused material seem to be contradictory. Electron- 
spin resonance measurements'') on a comparable lithium-diffused quartz- 
crucible sample (lox6 Li/cc) indicate an introduction rate of about 0.15 
cm-' a f t e r  the high 30-MeV electron fluence of 5 x 1Ol6 e/cm2. If si l i-  
con Si-B1 centers were produced a t  that rate,  t h e i r  e f fec t  on the 
minority-carrier lifetime should be readily apparent at temperatures 
below about 200'K. Thus, the present measurements indicate tha t  the 
Si-B1 center introduction rate i n  these samples a t  low fluences has 
been reduced by the presence of lithium or other impurities. 
I 
A possible explanation f o r  t h i s  i s  t h a t  the radiation-induced mobile 
vacancies, which are negatively charged i n  n-type sil icon, are captured 
by the posit ively charged phosphorus, Li , or LiO donors rather than by 
the neutral  oxygen present, and tha t  the Si-B1 (oxygen-vacancy) i s  pro- 
duced only when the number of mobile vacancies produced approaches or 
exceeds the number of posit ively charged donors i n i t i a l l y  present. 
+ + 
43 
Theore t i c a l  calculat ions indicate  t h a t  one would expect about seven - 
displaced atoms per incident  30-MeV electron. ( 2 5 )  Since most of the  
vacancies produced never escape their i n t e r s t i t i a l s ,  one mobile vacancy 
per  incident 30-MeV electron i s  a more reasonable estimate. ( 5, However , 
i n  the present measurements, the i n i t i a l  phosphorus donor densi ty  i s  
estimated t o  be 10 
2 x 10 )/cc, and the total fluence t o  which the samples were exposed was 
9 5 1 x Thus, the phosphorus and l i thium donor densi ty  ex- 
ceeded the t o t a l  number of displaced atoms by a t  least an order of mag- 
nitude. This suggests t h a t  the observed deep radiation-induced center  
may be a lithium-vacancy, lithium-oxygen-vacancy, or phosphorus-vacancy. 
14 /cc, the l i thium donor densi ty  i s  estimated t o  be 
15 
e/cm2. 
On the other hand, i n  the earlier, more complete invest igat ion of 
high-purity QC s i l i con ,  
center w a s  thought to be an acceptor level near (Ec - 0.38) eV, which 
i s  not the  Si-B1 center.  Thus, our current  observation that no oxygen- 
vacancy defects  were detected by minori ty-carr ier  lifetime measurements 
i n  3O-IvleV e lectron-irradiated lithium-diffused QC s i l i c o n  may be due t o  
the nature of 30-MeV electron-induced damage and may have l i t t l e  t o  do 
with the presence or absence of l i thium. Regardless of the i d e n t i t y  of 
these defects  i n  l i thium-diff  used s i l icon ,  they are annealed by lithium. 
the dominant radiation-induced recombination 
One fu r the r  remark would seem to be i n  order: In  our previous 
invest igat ions on t h e  minor iw-car r ie r  lifetime i n  lithium-diffused FZ 
s i l icon ,  w e  observed a center  located near  (Ec - 0.17) eV, which i s  
about where one expects the Si-B1 center .  We cannot def in i te ly  say 
t h i s  i s  not  the Si-B1 center,  nor have we otherwise ident i f ied  this 
defect ;  however, t h e  f a c t  that a defect near (Ec - O e 1 7 )  eV  was observed 
i n  lithium-diffused FZ (low-oxygen) s i l i c o n  even before i r r ad ia t ion  and 
not i n  lithium-diffused QC (high-oxygen) s i l i con  even after i r r ad ia t ion  
suggests t h a t  the center  near (Ec - 0.17) eV i s  probably not the  Si-B1 
center.  
4.5.5 Neutron I r r ad ia t ions  of Lithium-Diffused FZ Sil icon 
The neutron-induced degradation and thermal anneal of minority- 
c a r r i e r  lifetime i n  3.7-ohm-cm lithium-diffused FZ s i l i con  has been 
44 
described i n  d e t a i l  elsewhere, ( 2 9 2 6 )  
dation constant of 6.4 f 0,4 x 10 
a s  f o r  phosphorus-doped Fz s i l icon  of equivalent resist ivity.(27) 
thermal and isochronal anneals indicated a f i r s t -order  annealing process 
with an activation energy of E w 0.69 e V  and an effect ive frequency near 
v M 1 x 10 sec 
This investigation showed a degra- 
-6 2 cm /n-sec, which i s  nearly the same 
Iso- 
7 -1 
4.5.6 Neutron Irradiat ions of Lithium-Diffused QC Silicon 
During this contract  period, a sample of lithium-diffused QC si l i-  
con w a s  damaged with f i s s ion  neutrons. The bar-shaped sample w a s  of the 
same 2-ohm-cm material previously described, with a length-to-cross- 
sectional-area r a t i o  of 14.9 em-', 
f i l l e d  w i t h  helium gas, and minority-carrier lifetime was measured by 
both photoconductiviw decay and steady-state photoconductivity tech- 
niques. 
by continual observation of (AV/V) 
duced by chopping an illumination source and V i s  the dc sample voltage, 
The sample was mounted i n  a chamber 
The technique of monitoring l ifetime as a function of fluence 
where AV i s  the voltage change pro- 
has been previously explained. (2) 
It was shown that the minoriiy-carrier lifetime ( 7 )  i s  proportional 
to AVIV, 
where 
is  a constant f o r  the experimental condition of Oel$ injection level,  
constant temperature, and low neutron fluences, In  the expression f o r  
A, g i s  the generation rate of excess car r ie rs  due t o  illumination, I+, 
i s  the equilibrium conduction electran density, and pn and p 
tron and hole mobilities, respectively. 
a re  elec- P 
The sample w a s  subjected t o  neutron i r radiat ion a t  the Gulf Rad 
Tech APFA f a c i l i t y ,  
neutron f lux  of 4,17 x lo7 n/cm2-see and 2.08 x lo7 m/cm -sec (E > 10 
keV, f i s s ion ) ,  
The APFA was run i n  the steady-state mode a t  a 
2 
Fluences were measured by extrapolation based on sulfur 
45 
p e l l e t  dosimetry. 
psec a t  the  i r r ad ia t ion  temperature of 2 8 0 " ~ .  
The pre i r rad ia t ion  minority-carrier lifetime w a s  60 
F'igure 16 shows the pre i r rad ia t ion  and postanneal minority-carrier 
The e r n e  drawn through the data points  i s  
2 
lifetime ( 7 )  versus 1000/T. 
f o r  an a t t r a c t i v e  center  using t h e  capture cross sections of Lax. 
This shows complete anneal occurred after a fluence of 2.5 x lolo n/cm e 
(13 1 
Figure 17 shows degradation of inverse minority-carrier l i fe t ime 
( l / ~  ) as a function of neutron fluence, @. 
constant, K ,  w a s  found t o  be 1.6 f 0.2 x 
degradation constants were obtained when the  sample w a s  i r rad ia ted  by 
f i s s ion  neutrons from (a) Gulf General Atomic's TFUGA reactor  and (b)  
neutrons produced by a (y,n) reaction which r e s u l t s  from i r r ad ia t ing  a 
Fansteel  t a r g e t  w i t h  40-MeV electrons.  
2 to 3 times that observed in the  neutron i r r ad ia t ion  of lithium- 
The l i fe t ime degradation 
em /n-sec. Iden t i ca l  2 
This degradation constant i s  
diffused FZ s i l i con  previously described. @,%) 
After l ifetime degradation, the  sample w a s  isochronally annealed 
f o r  5-minute periods a t  temperatures up t o  415°K. 
unannealed f r ac t ion  of annealable defec ts  measured a t  2 8 0 " ~  versus 
isochronal anneal temperature. For comparison, t he  equivalent results 
f o r  3.7-ohm-cm lithium-diffused FZ s i l i c o n  are plot ted on the same f ig -  
ure * Approximately 95% of the total radiation-induced recombination 
centers  were annealed by t h i s  isochronal annealing schedule, and the 
annealing i s  centered near 360°K. 
degraded, and isothermal anneals a t  378", 383", 391", and 403°K were 
performed. Figure 19 shows the results of two isothermal anneals as 
the unannealed f r ac t ion  of annealable defec ts  as a function of t i m e .  
The anneal a t  378°K w a s  too slow t o  measure i n  a reasonable amount of 
t i m e ,  and a t  403°K the anneal w a s  e s sen t i a l ly  complete i n  200 seconds. 
The unannealed f r a c t i o n  of annealable defects  f o r  isochronal 
Figure 18 shows the 
The sample l ifetime w a s  repeatedly 
annealing has been shown(2) t o  be 
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10 
Fig 16 Minority-carrier l ifetime versus 1000/T of 
l i thim-diffused n-type QC s i l i con  
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Fig. 17 Degradation of inverse lifetime of lithium-diffused n-type 
QC s i l i con  a t  2 8 0 " ~  as a function of neutron fluence 
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Fig. 18 Unannealed f rac t ion  of annealable defects i n  l i t h i u m -  
diffused FZ and QC n-type sil icon, measured a t  2 8 0 ~ ~ ~  
versus isochronal anneal temperature, after APFA 
i r rad ia t ion  
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Fig. 19 Isothermal anneal of lithium-diffused n-type QC 
s i l i con  after APFA i r rad ia t ion  
where the T ' S  are the minority-carrier l ifetimes previously defined and 
the (V/AV) terms are the corresponding steady-state measurements e 
A s i m i l a r  expression f o r  the unannealed f rac t ion  of annealable 
defects exists f o r  isothermal annealing, except t h a t  temperature T i s  
replaced by t i m e  t, and l ifetimes T by the steady-state measurements 
(V/AV> * 
Linearity of the isothermal anneal data, when plotted as shown i n  
Fig. 19, would indicate the anneal i s  a f i r s t -order  prccess. Unfor- 
tunately, the 383°K anneal shows considerable nonlinearity during the 
f i r s t  1000 seconds. I n  addition, isochronal annealing occurred over a 
100" range of 300" t o  400°K (see Fig. 18), i n  contrast  t o  the sharply 
defined annealing stage obtained on neutron-irradiated lithium-diffused 
F!Z sil icon. Thus, there i s  some uncertainty whether o r  not these anneal- 
ing data actually represent a single f i rs t -order  annealing stage. If, 
f o r  lack of posit ive contradictory evidence, one assumes these data do 
represent a single f i r s t -order  anneal of neutron-induced damage, anal- 
ysis  of the isochronal and isothermal data of Figs. 18 and 19 give an 
act ivat ion energy of E = 1.2 f 0.6 eV. 
i s  so  large that a determination of an effect ive frequency would be 
meaningle s s . 
) 
The uncertainty of t h i s  energy 
\ 
The minority-carrier l ifetime temperature dependence before and 
after neutron i r rad ia t ion  i s  shown i n  Fig. 20. 
injection-level minority-carrier lifetimes of less than 10 psec, photo- 
c o d u c t i v i t y  decay times.were measured. 
has a 120-nsec width w a s  used as an inject ion source. 
To obtain data on low- 
A 600-keV f lash  X-ray which 
Since neutron 
i r rad ia t ions  produce damage clusters ,  it m q y  not be legitimate t o  use the 
recombination cross section theory of Lax (13) or kadon. ( l2 
the sol id  l i nes  drawn through the data  of Fig. 20 represent Lax's predic- 
t ions f o r  an a t t r ac t ive  recombination center. 
However, 
It i s  apwrent t h a t  the 
temperature depndence of minority-carrier lifetime of neutron-irradiated 
lithium-diffused &c s i l icon  i s  indistinguishable from the temperature 
dependence of a t t r ac t ive  centers e (13 1 
0 12/5/70 AFTER NEUTRON FLUENCE OF 
3 . 4  x 1010 n/crn2 AND ANNEAL 
FLUENCE OF ABOUT i o 1 0  n/crn2 (E  > 10 
0 12/17/70 AFTER A D D I T I O N A L  NEUTRON 
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Fig. 20 Minority-carrier l ifetime temperature dependence of a 2-ohm-cm 
lithium-diffused QC s i l i con  sample before and after neutron 
i r rad ia t ion  of about 1 x lolo n/cm2 (E > 10 keV) 
4 6 CONCLUSIONS 
4 6 1 30-MeV Electron I r rad ia t ion  
The minority-carrier l i fe t ime of 30-MeV electron-irradiated,  FZ and 
QC lithium-diffused n-type s i l i con  was studied. The l i fe t ime temperature 
dependence, degradation ra te ,  and annealing charac te r i s t ics  were measured. 
Both l i g h t l y  diffused ( n o s  2-0  x 
1.0 x l0l6) samples were investigated.  
conclusions can be drawn. 
0 "  ~ m - ~ )  and heavily diffused (n 
From these studies,  the following 
1. The i n i t i a l  p re i r rad ia t ion  l ifetime of l i g h t l y  diffused FZ 
s i l i con  i s  due t o  a t  least two centers.  I ts  temperature 
dependence indicates  one center of unknown charge near ( E  
0.17) eV, and an a t t r ac t ive  center deeper than 0.35 eV from 
e i t h e r  band edge. The shallow center i s  not the Si-B1 center 
because, i n  l i g h t l y  diffused QC s i l icon,  pre i r rad ia t ion  l i f e -  
t i m e  measurements indicate  a t t r a c t i v e  recombination centers 
fu r the r  than 0.3 e V  from a band edge, and no center near 
(Ec - 0.17) eV. 
centrat ion i n  the heavily diffused s i l i con  was so high, the  
minority-carrier l i fe t ime temperature dependence could not dis-  
t inguish between the two centers if both were present. O u r  
measurements on heavily diffused FZ and QC s i l i con  indicate  
a t t r a c t i v e  centers  deeper than (Ec - 0.17) eV. 
- 
C 
Because the i n i t i a l  conduction electron con- 
2., A t  least two kinds of recombination centers are introduced- 
i n  l i g h t l y  diffused FZ s i l i c o n  by the 30-MeV electron irradia- 
t ion:  one deeper than about 0.35 eV, which controls recombina- 
t i o n  above 150' t o  2OO0K, and one near (Ec - 0.17) eV, which i s  
dominant below 150' t o  200°K. 
induced recombination centers  seem t o  be more than 0.3 e V  from 
In QC s i l i con ,  a l l  radiat ion-  
a band edge. The recombination centers i n  heavily diffused 
s i l i c o n  a re  not  wel l  located but  a r e  deeper than ( E  - 0.17) eV. 
C 
53 
3. The room-temperature minority-carrier l i fe t ime degradation 
constant f o r  heavily diffused FZ and QC s i l i c o n  was approximately 
twice t h a t  f o r  l i g h t l y  diffused or nondiffused s i l icon .  The 
increased degradation constant of heavily lithium-diffused 
s i l i c o n  compared with t h a t  of non-lithium-diffused s i l i con  i s  
in te rpre ted  t o  indicate  tha t  t h e  presence of l i thium i s  effec-  
t ive i n  the  production of recombination centers i n  lithium- 
diffused s i l i con .  These recombination centers e i t h e r  contain 
l i thium o r  a re  a f fec ted  i n  t h e i r  production by lithium. 
4. In  l i g h t l y  diffused FZ and QC s i l i con ,  the minority-carrier 
l i fe t ime a t  and above room temperature i s  controlled by recom- 
bination through centers fu r the r  than about 0.3 eV from e i the r  
band edge. These centers show f i r s t -o rde r  thermal annealing 
near 380 *2O0K, with ac t iva t ion  energies of 0.8 f0.1 eV f o r  
FZ and 1 .1+0 .2  eV f o r  QC s i l i con .  Effect ive frequency f ac to r s  
sca le  w i t h  l i th ium concentration. 
5. In  l i g h t l y  diffused FZ s i l icon ,  the radiation-induced center a t  
(Ec - 0.17) eV which i s  dominant a t  low temperatures w a s  not 
appreciably annealed i n  1 hour a t  390 K bu t  appears t o  anneal, 
a t  l e a s t  pa r t i a l ly ,  over long periods a t  room temperature. 
0 
6 *  The annealing of t he  recombination centers i n  l i g h t l y  i r radiated,  
heavily diffused FZ and QC s i l i c o n  i s  apparently complete. How- 
ever, a f t e r  extended fluences, the  annealing of t he  recombination 
centers i s  not complete; not a l l  the recombination centers a re  
annealed. Trapping centers a l s o  a re  created,and these a r e  not 
reduced by thermal annealing below 430'K. 
depletion of l i thium which is  able  t o  neutral ize  a recombination 
or  trapping center.  
This may r e f l e c t  a 
7. In  general, it appears t h a t  i n  e lectron-irradiated,  lithium- 
diffused, FZ and QC s i l icon,  both lithium-depenaent and non- 
lithium-dependent recombination centers are produced. The 
number of each depends on the l i thium concentration, with the 
l a rges t  number of lithium-dependent centers being found i n  
54 
8. 
highly diffused s i l i con  and the  l a rges t  number of non-lithium- 
dependent centers being found i n  l i g h t l y  diffused s i l icon .  
No i r r ad ia t ion  temperature dependence of t he  recombination cen- 
t e r  introduction r a t e  f o r  30-MeV electrons i n  the 115' t o  
300 K temperature range was observed. However, the  minority- 
c a r r i e r  l i fe t ime degradation constant f o r  lithium-diffused 
samples i r r ad ia t ed  and measured a t  300 K i s  f i v e  t o  ten  times 
smaller than that f o r  samples i r r ad ia t ed  and measured a t  115'K. 
This may be a t t r i bu ted  t o  the  temperature dependence of the 
recombination center capture cross section. 
0 
0 
9. Isochronal and isothermal annealing r e s u l t s  on both FZ and QC 
lithium-diffused electron-irradiated s i l i con  indicate  t h a t  the 
anneal i s  a single-stage f i r s t -o rde r  anneal. Activation energies 
0.8 f 0.1 e V  f o r  FZ samples and 1.1k 0.2 eV f o r  QC samples 
were observed, which agree with the ac t iva t ion  energies of d i f -  
fusion of l i thium i n  FZ and QC s i l i con ,  ( 21) r e  spe c t  ive ly  . 
Effect ive frequency f ac to r s  ranged from lo7 t o  10 
creasing with increasing l i thium donor density. 
strongly suggest t h a t  the thermal annealing of radiat ion defects 
i n  lithium-diffused s i l i c o n  i s  due t o  the migration of l i thium 
t o  the  defect  center ,  
11 -1 
These f a c t s  
sec , in- 
4.6.2 Fiss ion Neutron I r rad ia t ions  
A number of observations can be made concerning the r e su l t s  of 
minority-carrier l i fe t ime s tudies  i n  fission-neutron-irradiated lithium- 
diffused s i l icon .  F i r s t ,  the  l ifetime degradation constant f o r  4-ohm-cm 
FZ s i l i c o n  i s  near ly  the  same as f o r  s i l i c o n  containing no l i thium ( K R I  
6 x lom6 cm2/n-sec), which i s  consis tent  with the  lack of impurity depen- 
dence f o r  neutron damage The degradation constant f o r  oxygen-rich QC 
s i l icon,  however, i s  more than twice as great,  suggesting a radiat ion-  
induced recombination center which contains or whose creation depends 
upon oxygen. 
a t  temperatures between 300' and 38OoK, From Ste in ' s  data, one would 
expect less than 10% recovery f o r  non-lithium-diffused n-type s i l i con  
Second, more than 90% of the  neutron damage was annealed 
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subjected t o  the  same annealing schedule. This i s  t o  be contrasted with 
the ins igni f icant  impurity dependence of the annealing observed f o r  
phosphorus- and arsenic-doped n-type s i l icon .  Third, the ac t iva t ion  
energies determined Prom isothermal and isochronal anneals a r e  very close 
to E = 0.66 &O.O5 e V  f o r  the energy of l i thium diffusion i n  FZ s i l icon .  
The annealing r e s u l t s  f o r  QC s i l i con  are more uncertain, but  indicate  an 
energy of E 
dissociat ion and l i thium diffusion i s  thought t o  be about 1.07~ 0.05 eV. 
This s t rongly suggests that the  anneal depends on the  diffusion of l i thium 
t o  the  neutron-produced recombination centers i n  both FZ and QC s i l i con .  
Finally,  the e f fec t ive  frequency f ac to r  of v 10 sec f o r  annealing i n  
FZ s i l i con  suggests long-range migration. 
1.2 +0.6 eV. The ac t iva t ion  energy f o r  lithium-oxygen 
7 -1 
5. STUDY OF SPECIFIC RADIATION-INDUCED DEFECTS 
5 a 1 ELECTRON- SPIN PXSONANCE 
5.1.1 Introduction 
Electron spin resonance (ESR) has been an important technique i n  the 
study of rad ia t ion  e f f e c t s  i n  s i l i con ,  since ESR i s  one of the f e w  tech- 
niques ( B )  which provides information about the microscopic s t ructure  of 
the defec ts .  A t  G u l f  Rad Tech, ESR has been successfully used i n  several  
programs (6,14,29-31) invest igat ing the production, annealing, and proper- 
t i e s  of various damage centers,  including the Si-131, Si-&, Si-GT, and 
Si-@ centers .  
lithium on spec i f ic  radiation-induced centers.  A thorough invest igat ion 
of the e f f e c t  of l i thium on the 131 (oxygen-vacancy) center  w a s  completed 
under an earlier contract .  (’1 
m a n y  invest igators  fee l  t h a t  the 131 center  i s  the predominant recombina- 
t i o n  center  i n  s i l i con  i r r ad ia t ed  with 1-MeV electrons.  The results of 
this s tuly,  which are reviewed below, provided invaluable ins ight  into the 
in te rac t ion  of Lithium w i t h  radiation-produced e n t i t i e s ,  including impurity- 
re la ted  defects  * 
I n  addition, ESR has been used t o  study the e f f e c t  of 
This s t u w  was of pa r t i cu la r  value since 
An attempt t o  study the phosphorus-vacancy (Si-G7) center  i n  lithium- 
diffused s i l i c o n  by ESR techniques i s  a l s o  reviewed below. 
During the present contract  period, the ESR technique was used t o  
gain more fundamental information of the effects of lithium on the produc- 
t i o n  and annealing of the vacancy-phosphorus (Si-G8) center e 
The 9.2-GHz superheterodyne ESR spectrometer used i n  the measwemnts 
has been previously described. (*) A l l  measurements were made a t  ~ o K .  
5.1,101 Summary of the Oxygen-Vacancy (Si-131) Center Investigation. An 
invest igat ion of the e f f e c t  of l i t h i u m  on the Si-131 (vacancy-oxygen) center 
was completed under an earlier contract(’) and i s  summarized i n  the  f i r s t  
f i v e  l i nes  of Table 1, 
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The Si-B1 introduction rate f o r  non-lithium-diff used quartz- crucible  
( Q C )  s i l i con  is about 0.15 em-', so comparison with Table 1 indicates  t h a t  
the  Si-B1 introduction rate i n  lithium-diffused s i l i c o n  is inversely 
proportional t o  the  l i thium donor density. 
was observed by Watk in~ '~ ' )  i n  phosphorus-doped s i l icon .  
a competition f o r  t he  radiation-induced vacancy between the oxygen and 
the l i thium donor, The Si-B1 center densi ty  i n  high-lithium-concentration 
samples anneals near 320°K (see Table l), while the  Si-B1 center anneals 
i n  s i l i con  without l i thium near 550°K.(32) 
l i thium t o  the QC material i s  t o  lower the Si-B1 introduction r a t e  and t o  
reduce i t s  annealing temperature. 
A similar impurity dependence 
This indicates  
Thus, the e f f ec t  of adding 
5.1.1.2 Summary of the Divacancy (Si-GT) Investigation. The divacancy i s  
an important damage center  t o  study, since it i s  thought t o  be one of the 
recombination centers  present i n  s i l i c o n  after hi&-energy electron and 
neutron i r r aa i a t ion .  This center  i s  believed t o  have three e l e c t r i c a l  
l eve l s  within the forbidden gap. 
eV below the conduction band and a t  0.25 e V  above the valence band. If the 
Fermi l e v e l  i s  (1) above 0.17 eV, the  divacancy i s  i n  a double negative 
charge state and nonparamagnetic; (2) between 0.17 and 0.4 eV, the divacancy 
i s  i n  a s ingle  negative charge state and paramagnetic; and (3) below 0.4 
eV, the divacancy i s  n e u t r a l  and nonparamagnetic. 
These l eve l s  are located a t  0.17 a d  0.4 
(2% 33 ) 
An invest igat ion of t h e  e f f ec t  of l i thium on the  Si-G7 (divacancy) 
w a s  made(*) and i s  summarized i n  l i n e s  6 and 7 of Table 1. 
t h i s  work showed t h a t  f o r  room-temperature ( 3OO0K) i r rad ia t ions ,  diva- 
cancy production is  reduced by the presence of lithium. The ove ra l l  
e f f e c t  of l i t h i u m  i s  t o  decrease the number of divacancies present after 
a 300°K i r rad ia t ion .  The lithium e i t h e r  lowers the  introduction rate of 
divacancies or anneals the divacancies once they are formed. Earlier 
work") has  shown t h a t  both of these mechanisms are present i n  B1 center 
production and annealing. 
The r e s u l t s  of 
The ESR measurements of t he  divacancy were performed after i r r ad ia -  
t ions below 150°K. 
thermal annealing of the  divacancy by l i thium motion before ESR measure- 
ments could be performed. These experiments were inconclusive because 
Low i r r ad ia t ion  temperatures were used t o  prevent 
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no resonances were observed. It was concluded t h a t  t h i s  f a i l u r e  was 
due t o  e i t h e r  (1) a lower divacancy introduction r a t e  i n  lithium- 
diffused s i l i con  or ( 2 )  the presence of divacancies i n  a nonparamag- 
ne t i c  charge s t a t e  Infrared absorption measurements, described i n  
Section 5.2, lead us t o  believe that divacancies are produced a t  close t o  
the normal rate by 30-MeV e lec t ron  i r r ad ia t ion  a t  or below YjO'K, but  t h a t  
these divacancies i n t e r a c t  with l i thium a t  or below 300°K t o  produce a 
d i f f e ren t  center.  
5.1.1.3 Summary of Pr io r  Vacancy-Phosphorus ( S i - @ )  Work. The vacancy- 
phosphorus i s  a recombination center which i s  thought to  cons is t  of one 
e l e c t r i c a l  l e v e l  about 0.4 eV below the conduction band. If the Fermi 
l e v e l  i s  above this leve l ,  the Si-@ center  i s  i n  a s ingle  negative charge 
state and i s  nonparamagnetic; however, i f  the Fermi l e v e l  i s  below 0.4 eV, 
the center i s  i n  a neut ra l  charge state and i s  paramagnetic. Thus, the 
Si-@ center i s  b e t t e r  sui ted than the divacancy t o  study by ESR because 
it i s  paramagnetic over a much wider fluence range. The pr inc ipa l  values 
i n  the diagonalized Si-G8 g-tensor are g = 
2.0096, w i t h  C = 32" from the [0111 axis i n  the (011) plane. 
= 2.0005, g2 = 2.0112, and g 3 (28) 1 
A n  invest igat ion of the e f f ec t s  of lithium i n  the  production and 
annealing of the Si-@ (vacancy-phosphorus) w a s  begun last  year(2)  and 
was completed during t h i s  year. This previous work i s  a l s o  summarized 
i n  the  l a s t  l i n e  of Table 1. 
On reexamination of the data  taken las t  year, w e  concluded tha t  the 
observed resonance i n  the phosphorus-doped material i r rad ia ted  a t  T a l 5 O " K  
could not be pos i t ive ly  ident i f ied  due t o  a low signal-to-noise r a t i o  and 
the broad resonance spectrum. Thus, i t  w a s  decided t o  attempt t o  posi- 
t i ve ly  ident i fy  the  observed centers. 
5.1.2 Samples 
Samples f o r  the Si-@ ESR s tudies  were produced by the  diffusion of 
lithium i n  float-zone (FZ) n-type s i l i con .  
was used t o  d i f fuse  l i t h i m  in to  the samples. Samples prepared ranged i n  
r e s i s t i v i t y  from 0.16 t o  0.30 ohm-cm, which corresponds t o  room-temperature 
c a r r i e r  concentrations from 4,7 t o  2 x 
The li thium paint-on technique 
3 carriers/cm e 
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The samples used during t h i s  work are described i n  Table 2. Irra- 
d ia t ion  was performed with 30-MeV electrons from the G u l f  Rad Tech Linac 
f a c i l i t y .  A l l  the ESR samples had volumes of about 0.023 cm and were 
oriented (using l i g h t  r e f l ec t ion  pat terns  f rm  an etched c r y s t a l  Pace) 
along the <11> and <110> c r y s t a l  axes. 
3 
A l a rge  resonance s igna l  (g = 1.999, l i n e  width a t  half  m a x i m u m  of 
1.9 gauss, concentration on the order of 10 16 centers/cm 3 ) was observed 
only i n  the  nonirradiated, lithium-diffused material. This resonance, 
generally believed t o  be due t o  LiO , has the  same g value and about the 
same strength a s  the marker that i s  used t o  ca l ibra te  the number of spins 
i n  the ESR samples. 
-I- 
The resonance completely disappears a f t e r  i r rad ia t ion ,  and was not 
observed t o  re turn a t  any t i m e  during thermal anneals. 
resonance and i t s  decrease i n  i r r ad ia t ion  were observed i n  our previous 
study of t he  oxygen-vacancy (Si-Bl) center. 
the  magnitude of the phosphorus donor resonance a f t e r  l i thium diffusion.  
Both the LiO' 
There was no change i n  
5.1.3 Results of ESR Measurements 
Samples 14, 17, 18, 19, and 20, shown i n  Table 2, were i r r ad ia t ed  t o  
the 30-MeV e lec t ron  fluences a t  150'K. 
cha rac t e r i s t i c  of the Si-@ (vacancy-phosphorus or E )  center  seen by 
Watkins . (34) 
observed. 
been seen before i n  non-lithium-diff used vacuum FZ phosphorus-doped 
material; (35) hence, they are not due t o  the presence of lithium. 
A l l  clearly gave an ESR spectrum 
In  addi t ion t o  the  Si-& center, a f e w  weak l i n e s  were a l s o  
These l i n e s  were not  strong enough t o  ident i fy ,  bu t  they have 
These f i v e  samples yielded introduction rates f o r  the Si-& center  
of from 0.1 t o  0 ,2  cm-l ,  which i s  comparable t o  the introduction rates 
previously reported f o r  non-lithium-diffused material i r r ad ia t ed  by 30- 
MeV electrons a t  n°K. 
0.2 cm 
The average c a r r i e r  removal rate was about 
-1 
The conclusion that can be drawn from these data  i s  that the addi- 
t i o n  of up t o  three tines the amount of l i t h i u m  as phosphorus concentra- 
t i on  does no t  s ign i f icant ly  a f f e c t  the  Si-@ center  introduction rate, 
nor does it introduce new lithium-dependent resonances, 
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Figure 21 shows the r e s i s t i v i t y ,  measured by four-probe technique, 
versus isothermal anneal t i m e  a t  295°K f o r  the samples l i s t e d  i n  Table 2. 
Independent measurements indicate  a 332% uncertainty i n  these measure - 
ments . Except f o r  sample 19, which shows an i n i t i a l  resistivity increase, 
the r e s i s t i v i t y  a t  292°K remained r e l a t ive ly  constant f o r  about 4 hours, 
a d  %en appeared t o  increase, indicat ing a loss of car r ie rs .  ESR data  
on sample 14 indicate  that the Si-@ center  concentration i s  the same 
after one day a t  room temperature as it i s  after about three minutes a t  
295 "K 
Figures 22 and 23 indicate  the results of 15-minute isochronal an- 
neals  a t  elevated temperatures up t o  673°K. 
change i n  room-temperature r e s i s t i v i t y ,  which i s  inversely proportional 
to c a r r i e r  concentration, a d  Fig. 23 shows the change i n  concentration 
of paramagnetic centers.  Figure 22 indicates  a decreasing c a r r i e r  con- 
cent ra t ion  after 15-minute anneals up t o  about 373"K, followed by an 
increase after 15-minute anneals above 373°K. 
Figure 22 indicates  the 
The rapid increase i n  c a r r i e r  concentration between 573" and 673°K 
i n  the 1:1, Li:P (sample 18) material, as opposed t o  the 3:1, Li:P 
(sample 201) material, might be due t o  the annealing of a l i thium-related 
defec t  located below the Si-@ (phosphorus-vacancy) l e v e l  a t  0.4 eV. I n  
non-lithium-diffused s i l icon ,  the Si-@ center anneals between 425" and 
473°K; however, as indicated i n  Fig. 23, a la rge  number of unidentified 
paramagnetic centers  are s t i l l  present after 15-minute anneals of from 
473" t o  673°K. 
centers  does not have enough s t ruc ture  t o  allow ident i f ica t ion  with our 
9.2-GHz spectrameter. 
Unfortunately, the resonance s igna l  produced by these 
In  Fig. 22, the decreasing c a r r i e r  concentration between 300" a d  
373°K could be due t o  the creat ion of acceptors below (Ec - 0.4) eV. 
Such a decrease was previously observed i n  QC material during a Si-B1 
center study. (l) The increase i n  c a r r i e r  concentration between 373' and 
673OK i s  due t o  the  annealing of the Si48 and perhaps other deeper ten- 
ters. Since an absolute measure of t he  number of paramagnetic defects 
observed by ESR techniques i s  d i f f i c u l t ,  the  defect dens i t ies  i n  Fig,  23 
were normalized t o  t h e  number of phosphorus atoms i n i t i a l l y  present i n  the  
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0 Samp e 17 
o Sample 18 
0 Sample 19 
A Sample 20 
10 400 500 600 70 0 
ANNEAL TEMPERATURE ( O K )  
Fig. 22 Resistivi-Q a f t e r  15-minute isochronal anneals for lithium- 
diffused electron-irradiated s i l icon 
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ISOCHRONAL ANNEAL 
- L i  c o n c e n t r a t i o n  i n  samples 19 and 20 
L i  c o n c e n t r a t i o n  i n  samples 7 and 18 
Phosphorus c o n c e n t r a t i o n  i n  samples 
Sample 7 \ 
Phosphorus - 
vacancy 
S i  -G% centers  
- centers  
Un i dent i f i e d  rc- -m 
- Spectrometer n o i s e  l e v e l  
I I I I 
273 373 4 73 573 673 
ANNEAL TEMPERATURE ( O K )  
Fig. 23 Density of paramagnetic centers after 15-minute isochronal 
anneals f o r  lithium-diffused, phosphorus-doped, electrcm- 
i r radiated s i l icon 
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sample (as determined by four-probe r e s i s t i v i t y  measurements) e 
assumes t h a t  Si-G8 center production was i n  saturat ion a t  fluences of 
2 x 1 0 ~ 7  e/cm e 
This 
2 
Since the Si-G8 anneals i n  the region of 425' t o  475°K i n  non- 
lithium-diffused material, examination of Fig. 23 reveals t h a t  the 
addition of the above concentrations of lithium does not have a s ignif icant  
e f fec t  on the annealing behavior of the Si-G8 center. 
5 e 1 e 4 Conclus ions 
Several conclusions can be drawn from the data.  
1. Since the same number of phosphorus donors was observed before 
and a f t e r  l i t h i u m  diffusion, it appears that the phosphorus does not 
pair with the lithium. The absence of a lithium-phosphorus complex 
leaves the phosphorus f r e e  t o  combine with the radiation-produced vacancy 
t o  produce the Si-& center. 
2. A t  the high fluences required t o  observe the Si-& center, the 
introduction rate i s  tbe same i n  s i l i con  w i t h  l i t h i u m  donor densi t ies  as 
high as 3.6 x 10l6/cc as i t  i s  i n  s i l i con  with no lithium. Thus, e i the r  
the radiation-prduced mobile vacancy i s  preferen t ia l ly  a t t rac ted  t o  the 
phosphorus rather  than t o  the l i t h i u m  or a l l  the l i t h i u m  has been used up 
a t  these high fluences t o  produce radiation-induced complexes which do 
not compete w i t h  the  phosphorus. The former supposition implies t h a t  
phosphorus has a la rger  cross section f o r  the vacancy than does l i t h i u m .  
This i s  i n  contrast  with the e a r l i e r  work on the Si-B1 and Si-G7 centers 
where, f o r  300°K irradiat ions,  the e f f ec t  of adding lithium i s  t o  decrease 
the introduction r a t e s  of these centers. 
3. For these heavily i r rad ia ted  samples, the Si-G8 center anneals 
between 425' and 475"K, i n  sp i t e  of the  lithium present. 
introduction rate ,  t h i s  can imply e i the r  (1) tha t  lithium has no e f f ec t  on 
the annealing of the Si-& center, or  (2 )  t h a t  a l l  the lithium i n i t i a l l y  
present w a s  used up by other radiat ion defects and, hence, not available 
t o  in t e rac t  with the phosphorus vacancy. 
A s  with the 
5 -2  INFRARED ABSORPTION STUDIES 
A s  described i n  Section 5.1.1.2, ESR was used to  search f o r  the 
divacancy i n  lithium-diffused s i l icon.  No resonance w a s  observed It 
was concluded tha t  the reason f o r  t h i s  f a i l u r e  was e i t h e r  a lower diva- 
cancy introduction r a t e  i n  lithium-diffused s i l i con  or the  presence of 
divacancies i n  a nonparamagnetic charge state. To resolve t h i s  uncer- 
ta in ty ,  an infrared absorption study w a s  car r ied  out.  
The infrared absorption measurements were performed using a Perkin- 
Elmer m o d e l  112 double-pass prism spectrometer. This instrument i s  
equipped w i t h  various l i g h t  sources (a tungsten lamp and a Globar), 
prisms (glass,  fused quartz, N a C 1 ,  and CsBr ) ,  and detectors  (photocon- 
ductive c e l l s  and tnermocouples) that allow it t o  cover the wavelength 
region from u l t r av io l e t  t o  about 30 pm. 
f i e d  s o  t h a t  the monochromatic beam can be extracted and the sample 
positioned i n  e i t h e r  ike monochromatic beam o r  the white l i g h t .  
The spectrometer has been modi- 
Infrared absorption i s  less sens i t ive  than ESR, requiring approxi- 
m a t e l y  defects/cm3 f o r  bands to  be observed. However, t h i s  tech- 
nique has the advantage that the divacancy bands (37)  are observed 
regardless of the  divacancy charge state. The sample w a s  placed i n  the 
w h i t e  l i g h t  beam of the Perkin-Elmer spectrometer and observed using 
fused quartz and N a C 1  prisms i n  the wavelength region from 1 to  4 pm. 
Infrared absorption bands a t  1.8, 3.3, and 3.9 pm have been corre- 
la ted w i t h  the divacancy. ( 3 7 )  
Figure 24 indicates  Fermi l e v e l  posi t ion as shown by Fan and Ramdas. 
this dependence; the shaded areas indicate  the range of Fermi l e v e l  posi- 
t ion  over which each band i s  seen. 
The bands which are seen depend on the 
( 3 8 )  
Two lithium-diffused o p t i c a l  samples and two nondiffused cont ro l  
4 samples were prepared f r m  10 -ohm-cm FZ s i l icon .  
were 2 x 4 x 10 m. 
t o  a lithium donor dens i ty  of about 5 x lox6 Li/cc. 
with 30-MeV electrons t o  a fluence of 2.5 x 
immersed i n  l i qu id  nitrogen during i r r ad ia t ion ,  and t h e i r  temperature 
never exceeded 150°K. After i r rad ia t ion ,  the samples were t ransferred 
The sample dimensions 
The samples were diffused by the paint-on technique 
They were i r r ad ia t ed  
e/cm2, The samples were 
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Fig. 24 Divacancy model 
( s t i l l  a t  V " K )  t o  an o p t i c a l  dewar and op t i ca l ly  scanned i n  the Perkin- 
E l m e r  spectrometer i n  the 1.1- t o  5-pm range. k t h  the diffused and the 
nondiffused samples showed comparable absorption i n  the 1.75- t o  1.8-pm 
region, as shown i n  Fig. 25 (curves A ) .  
t o  the divacancy when the Fermi l eve l  i s  below (Ec - 0.21) eV. 
This absorption i s  a t t r i bu ted  
The samples were annealed a t  room temperature for 15 minutes while 
being dr ied with dry nitrogen. On reexamination a t  77OK, the 1 . 8 - p ~  band 
i n  the lithium-diffused sample was found t o  be grea t ly  reduced, and there  
was enhanced absorption near 1.4 and 1.65 pm. 
room temperature w a s  impossible with the equipment being used. The 
samples were then warmed t o  room temperature again and immediately 
examined i n  the 1.1- t o  2,5-1.~m region. After less than 30 minutes a t  
300°K, the 1.8-pm band had v i r t u a l l y  disappeared i n  the  lithium-diffused 
sample, and bands near  1.4 and 1.65 pm had appa red .  
previously been observed by Young e t  a l e  (39) i n  lithium-diffused s i l icon .  
The primary difference between this invest igat ion and Young's i s  t h a t  
Young i r r ad ia t ed  near 300°K rather than near l5O0K, and several  days 
elapsed between i r r ad ia t ion  and observation; hence, the 1.8-pm divacancy 
band he observed w a s  considerably less dense than the one w e  observed. 
Young's samples had undergone 300°K annealing before h i s  measurements 
Annealing the samples below 
These bands have 
25 Relative transmission of' high-purity F!Z (lo4-ohm-cm) and high-purity 
Li-diffused (n0=5x10l6 Li/cc) FL s i l i con  after i r r ad ia t ion  with 
2,5xlO17 e/cm2 (30 MeV) a t  <150"K. 
tungsten l i g h t  source; other  curves normalized to transmission 
through 104-ohm-cm nonirradiated sample 
i n  Table 2-2. Resolution b e t t e r  than 0,02 pme 
Curves A and B normalized to 
H i  s t o r y  of samples given 
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commenced. O u r  samples were isochronally annealed f o r  15-minute p r i o d s  
i n  50°C steps from -400" to -625'K. The r e su l t s  of t h i s  anneal are  sub- 
s t a n t i a l l y  i n  agreement with those of Youn?g e t  a l e  
Young e t  a l e  a t t r i bu te  the 1.4- and 1.65-pm bands t o  defect  com- 
4- 
plexes consisting of one and two Iii 
trapped by a divacancy. 
ions,  respectively., which are 
It i s  c l ea r  from Fig. 25 t h a t  the Si-G7 anneals a t  much lower tem- 
perature i n  lithium-diffused s i l icon  than i n  non-lithium-diffused s i l icon;  
i n  nondiffused s i l icon,  it anneals near 6 2 5 " ~ .  (379 40 ) 
Table 3 presents the annealing h is tory  of the samples used i n  the 
divacancy study. 
Table 3 
ANNEALING HISTORY OF SAMPLES USED I N  DIVACANCY STUDY 
Curve Sample Anneal 
Designation Temperature Temperature Anneal 
( f ig ,  25)  (OK) ( O K )  Duration 
A 77 
13 300 
<150 Intermittent 
during 
i r rad ia t ion  
300 <3O minutes 
30 0 12 hours 
15 minutes 
448 15 minutes 
473 15 minutes 
523 15  minutes 
573 15 minutes 
623 15 minutes 
398 
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6* USE OF COMPUTER PN CODE FOR PFEDICTING 
P E R F O W C E  OF SOLAR CELLS 
6 . 1  INTRODUCTION 
Although measurements under t h i s  contract  were done on bulk s i l i con  
diffused with l i t h i m ,  the desired ultimate goal i s  an operating device- 
namely, a so la r  ce l l - tha t  i s  r e s i s t a n t  t o  radiat ion damage. 
i n  addition t o  measuring changes i n  the  electronic  propert ies  of bulk 
materials due to  damaging radiat ion and annealing, it i s  important to be 
able  t o  predict  the e f f e c t  of such changes on the device performance. 
The conventional analyses of solar c e l l  performance have usually taken 
two approaches. 
so la r  c e l l  i s  calculated based on d i f fus ion  theory, assuming uniform car- 
r i e r  l i fe t imes  (or di f fus ion  lengths) on the two s ides  of an estimated 
Therefore, 
In  the f i r s t ,  the shor t -c i rcu i t  current (I ) of the sc 
?"ne second approach consis ts  of f i t t i n g  experi- depletion region. (4L42) 
mental data t o  the so l a r  c e l l  current-voltage (I-V) equation, (43944) 
to empirically determine the unknown parameters: Vo, the  diode charac- 
t e r i s t i c  voltage; I 
c i r c u i t  current  a 
the  reverse saturat ion current; and IscJ the short-  0' 
While both of these methods can y i e l d  usefu l  r e su l t s  f o r  ce r t a in  pur- 
poses, they both have shortcomings f o r  appl icat ion t o  radiat ion damage 
s tudies .  Although the f i r s t  method attempts to relate performance t o  the 
bulk material propert ies  of the device ( fo r  example, l i fe t imes,  diffusion 
constants, generation rate of excess electron-hole pa i r s ,  e t c . ) ,  it i s  
usually necessary t o  assume that the parameters are constant on e i t h e r  
s ide  of the junctiono Thus, it i s  d i f f i c u l t  or impossible t o  cor rec t ly  
simu-late the e f f e c t s  of nonuniform damage or the attenuation of the ligbt 
in tens i ty  with depth in to  the device. Also, it i s  usually necessary t o  
make other simplifying assumptions-for example, quasi-charge neu t r a l i t y  
72 
i n  the bulk of the device, zero-carr ier  dens i t ies  a t  the  edge of the deple- 
t i o n  region, and no recombination i n  the deplet ion region, Moreover, t h i s  
methd i s  s t r i c t l y  applicable only to shor t -c i rcu i t  conditions , and attempts 
t o  pred ic t  performance as a function of load would require addi t ional  as- 
sumptions. 
device performance versus load, bu t  it i s  d i f f i c u l t  t o  relate the  empirically 
determined parameters of the equation t o  the propert ies  of the material, 
especial ly  i f  the radiat ion damage i s  not unif omly d is t r ibu ted  throughout 
the device. Thus, one needs a new method, one which predicts  the output of 
a so l a r  c e l l  as a function of i t s  external load, the basic  material prop- 
erties, and the d i s t r ibu t ion  of damage. 
On the other  hand, the so l a r  c e l l  equation (Eq. 8) predicts  the  
Under government contracts,* G u l f  Rad Tech has developed a computer 
This code ca l led  PN (45,46747) which i s  idea l ly  sui ted f o r  this problem. 
code i s  operational and w a s  previously used t o  invest igate  a number of 
problems involving t rans ien t  ionizat ion e f f ec t s  i n  e lectronic  devices 
With no modifications, it can be used t o  pred ic t  the steady-state I - V  
charac te r i s t ics  of s o l a r  c e l l s  with a r b i t r a r y  doping prof i les ,  spec t r a l  
light in t ens i ty ,  nonuniform radiat ion darnage, e tc .  It can include the 
degradation of c a r r i e r  lifetimes w i t h  radiation fluence and the annealing 
of t h i s  damage with t i m e .  
i s  introduced s o  slowly compared t o  the annealing rate that only steady- 
state damage constants are necessary. An earlier version of t he  code i s  
described i n  d e t a i l  i n  Ref. 46, but  some addi t iona l  features  t h a t  are 
usefu l  f o r  simulation of s o l a r  c e l l s  w e r e  added during the past year. 
The general  features of the code that are of i n t e r e s t  f o r  so la r  c e l l  
problems are described b r i e f l y  i n  Section 6.2. 
For most solar c e l l  appl icat ions,  the damage 
(47) 
Section 6.3 i s  concerned with the appl icat ion of the PN ccde t o  gene- 
r a t ing  r e a l i s t i c  I - V  charac te r i s t ics  f o r  a 10-ohm-cm N-on-P so la r  c e l l .  
%is included a study of how varying input  parameters such as doping, 
lifetimes, and generation rates a f f e c t  so la r  c e l l  output. Analytical  
expressions, which hold f o r  open-circuit voltage and shor t -c i rcu i t  cur- 
ren t ,  are compared with computer code results. 
*Sponsored by the A i r  Force Weapons Laboratory and the Defense Atomic 
Support Agency e 
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In  Section 6. , the computer PN code i s  used t o  calculate  the degra- 
dation of performance for a so la r  c e l l  exposed t o  300-keV protons, which 
produce nonuniform damage. 
experimental r e s u l t s  a 
The r e s u l t s  a r e  shown t o  be i n  agreement with 
6.2 DESCRIPTION OF PN CODE 
Illhe PN code i s  applicable t o  devices that can be approximated i n  one 
dimension, e i t h e r  linear i n  rectangular geometries or radial i n  cyl indri-  
ca l ly  or spher ica l ly  symmetric geometries. I n  the following, the discus- 
sion w i l l  be confined t o  the l i n e a r  geometry. 
The basic  equations that are solved by the computer for the i n t e r i o r  
of the device a re  the one-dimensional cont inui ty  equations for the two 
charge ca r r i e r s ,  n and p, 
? 
- -  an a Jn 
- g - r - -  a t  ax 
and Poisson’s equation for the  e l e c t r i c  f i e l d  E, 
I n  these equations, n i s  the density of e lectrons i n  the  conduction band, 
p i s  the densi’cy of holes i n  the valence band, AN i s  the n e t  density of 
doping of the semiconductor (posi t ive for donors, negative for acceptors),  
q i s  the magnitude o f  the electronic  charge (1.6 x lo-’’ C ) ,  and K = 4Tss 
= 1.33 x 10-l’ f/cm for s i l icon .  
0 
The term g i s  the generation rate of 
electron-hole p a i r s  due t o  the  incident radiat ion,  and r i s  
nation rate of  excess e lectrons and holes .  These terns may 
and posi t ion.  Usually, the recombination rate i s  simulated 
ad type of equation of t he  form 
np - n 
r =  9 
2 
0 
+ nF) Tn (P  + PF> $ 7  
0 
the  recombi- 
depend on time 
by a Shockley- 
where no i s  the i n t r i n s i c  c a r r i e r  densi’cy, % and p are the values of F 
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n and p when the Fermi l eve l  coincides w i t h  the energy l eve l  of the re- 
combination center, and T and T are the low-injection-level recombi- 
n a t i m  lifetime of electrons in  heavily p-type material a d  of holes i n  
heavily n-type material, respectivelye However, more complicated types 
of recombination, including trapping, are available if desired. For 
radiation damage and annealing, 
The quantit ies Jn and J 
no PO 
and T change with fluence and timeo % PO 
are  the par t ic le  current densit ies given by 
P 
The E (or velocity v )  terms are  the d r i f t  currents with mobili t ies pn and 
and the a/ax terms are  the diffusion currents with diffusion coeffi- 
Temperature enters  the problem by Einstein's re la t ion 
pP' 
cients Dn and D 
between the 1 ' s  and the D ' s  and i n  the values of no, pn, p , T ~ ~ ,  T ~ ~ ,  5, 
and p 
time and position, while AN, IJ.,, and p are  constant i n  time but are func- 
t ions of position. 
P* 
P 
I n  these equations, n, p, g, T ~ ~ ,  T ~ ~ ,  and E can be functions of F' 
P 
The device i s  connected t o  an external c i r c u i t  that can include var- 
ious arrangements of ba t te r ies  , resistances, capacitances, and inductances. 
However, f o r  solar c e l l  applications, the e x t e n a l  c i r c u i t  w i l l  normally- 
consist of a single resistance connecting the two ends of the device. The 
code calculates the current in  the external c i r cu i t  by summing voltages 
around the loop, including internal  e l ec t r i c  f i e l d s  inside the device and 
contact potent ia ls  a t  the two contacts, and dividing by the external res is-  
tance. The boundary conditions require that the external current equal 
the in te rna l  current inside each end of the device. 
Several types of boundary conditions a t  the contacts are available. 
One, called "bulk" condition, forces the slope of the ca r r i e r  densi t ies  
t o  be zero  a t  the boundaries. !This condition i s  suitable i f  the de t a i l s  
of the boundaries are not important. However, i f  differences i n  the work 
functions of the semiconductor and contacts a re  important, the "bulk" con- 
t a c t  potentials,  which a re  included automatically i n  the code as a function 
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of doping to give the proper summation of voltages around the c i r c u i t ,  
can be modified to account f o r  the difference i n  work functions. 
to simulate ohmic contacts,  a t h i n  region of high recombination rate was 
inser ted a t  each contact. 
Finally,  
To solve the time-dependent p a r t i a l  d i f f e r e n t i a l  equations, they are 
converted in to  f i n i t e  difference forms, and the resu l t ing  algebraic equa- 
t ions a re  solved by i t e r a t i o n  f o r  f ini te- t ime s t ep  intervals .  The d e t a i l s  
of the differencing and i t e r a t i o n  procedures are described fu l ly  i n  Refs. 
46 and 47 and w i l l  not  be repeated here. Suffice to say, the t rans ien t  
and steady-state solut ions obtained from the code give excel lent  checks 
with problems tha t  can be solved ana ly t ica l ly .  The mesh d i s t r ibu t ion  f o r  
the f i n i t e  differences i s  a rb i t r a ry ,  bu t  the permissible t o t a l  i s  l imited 
t o  230 s t a t ions  by the capacity of the UNIVAC 1108 computer. This number 
i s  qui te  adequate f o r  simulating a s o l a r  c e l l .  The mesh spacing can be 
made s m a l l  where the var iables  a re  changing rapidly with position, such 
as near junctions, and they can be spaced fu r the r  apa r t  where the var iables  
are changing more slowly. The code has an automatic remesh fea ture  i n  case 
the dens i t i e s  change more rapidly than a specified r a t i o  between adjacent 
mesh s ta t ions .  
To s ta r t  a new problem, the code starts from an a rb i t r a ry  bu t  mathe- 
mat ical ly  consis tent  set  of d i s t r ibu t ions  of dens i t i e s  and e l e c t r i c  f i e l d s  e 
This i n i t i a l  d i s t r ibu t ion  i s  usually physically unrea l i s t ic ,  but  the code 
then proceeds i n  t i m e  to the cor rec t  physical  s i t ua t ion  depending on the 
input parameters. If one then des i res  to make a small change to the sys- 
t e m ,  such as changing the external resistance,  it i s  usually permissible 
to start  from the end of the previous run and make the change, rather than 
s t a r t i n g  over from the a r b i t r a r y  i n i t i a l  d i s t r ibu t ion  
The advantages of t h i s  code over most other  m e t h c d s  of analysis are 
(1) it i s  not  necessary to make a r b i t r a r y  assumptions about the boundary 
conditions a t  the edge of the depletion region o r  about quasi-charge 
neu t r a l i t y  i n  various regions of the sample, (2) recombination inside the  
depletion region can be considered, and (3) the doping prof i le  and the 
d i s t r ibu t ions  of recombination centers and c a r r i e r  generation rate inside 
the sample can be simulated to any reasanable degree of cmplexi@. Thus, 
the  user  has the assurance tha t  what he obtains from the computer i s  not 
a byproduct of some dubious assumption that he may have had t o  make i n  
order t o  obtain a solution bu t  i s  the rigorously cor rec t  solution f o r  the 
equations of the system, within the accuracy of the f i n i t e  difference 
approximations 
6*3 APPLICATION OF CODE TO A TYPICAL SOLAR CELL 
The f i r s t  task set  f o r  the code w a s  t o  see if it could reproduce a 
typica l  so l a r  c e l l  I - V  cha rac t e r i s t i c  curve. 
i s  an N-on-P c e l l  w i t h  10-ohm-cm base material; the area is  2.0 cm with 
three e l e c t r i c a l  contacts on the f r o n t  face. The r e a l  c e l l  w a s  manufactured 
by Texas Instruments, Inc. ( T I ) ,  and i s  described i n  a T I  bu l le t in .  
The c e l l  t h a t  was simulated 
2 
(48 1 
There were several  physical  parameters t h a t  were unspecified i n  R e f .  
For lack of b e t t e r  information, the doping p ro f i l e  on the N side w a s  48. 
ra ther  a r b i t r a r i l y  assumed t o  be the complimentary e r r o r  function solution 
t o  the d i f fus ion  equation with a surface concentration of lox9 cm-3 diffused 
t o  give a junction depth of 0.5 km. I n  the following section, a step- 
funct ion doping dens i ty  was assumed i n  order t o  compare FTT code predictions 
with ana ly t i ca l  expressions which are only val id  f o r  uniform doping den- 
s i t ies  on each side of the  junction. 
(cm-31, a c t s  
T ( i n  sec),  
P 
The l i f e t imes  must a l so  be supplied t o  the code. On the N side,  it 
was assumed t h a t  the un-ionized f r ac t ion  of the donors, of densi ty  Nu 
as a recombination center, and the minority-carrier l i fe t ime,  
i s  
The value of  
= l / ( v  CT N ) ( 1 5 4  P P U  
has an ins igni f icant  e f f e c t  Tn9 the  majori ty-carr ier  l i fe t ime,  
on the recombination rate, and almost any value could be used, 
c i ty ,  it was a l so  taken of the form 
For simpli- 
T n = l/(vnOnNu) 
In  Eq. 15, v i s  the thermal veloci ty  and 0 i s  the capture cross  section. 
A nominal value of 10 
found from 
7 cm/sec i s  used f o r  v and the veloci ty  vn i s  then 
P9 
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The s p c i f i c  value 0.82 i s  obtained from the density-of-states masses. 
The value of t h e  cross sections,  0 ,  depends on whether the center  i s  
c h r g e d  or neut ra l  for t h a t  pa r t i cu la r  capture. 
perature the two cross sections a m a r  t o  d i f f e r  very l i t t l e (12)  and, f o r  
the following, w e  have assumed t h e m  both t o  be equal t o  5 x 10 
I n  f a c t ,  near room tem- 
-16 2 cm e 
19 Since the doping dens i ty  N decreases from 10 /cc a t  the surface t o  
15 the order of 10 
o d e r  of 3 x 10-7 sec. 
/cc a t  the junction, T varies  from 2 x sec to the 
P 
The doping i n  the base was i n i t i a l l y  taken t o  be 1.5 x 1015 cm-3 
f rm Ir~in's(~) data  of r e s i s t i v i t y  versus doping, bu t  it w a s  la ter  found 
necessary t o  assume a densi ty  of 5 x 
c i r c u i t  voltage reported i n  R e f .  48. The electron l ifetime i n  the base 
region w a s  varied as described i n  Section 6.4 t o  obtain a shor t -c i rcu i t  
current of about 30 mA/cm . 
psec, which yielded a current  of 28.8 mA/cm . 
Kleinman!42) and in tegra t ing  over the e n t i r e  e f fec t ive  solar  photon flux 
N ( h )  ( i n  photons/cm -sec-pm) : 
cm-3 i n  order t o  match the open- 
2 The f i n a l  value tha t  was chosen w a s  T~ = 7.3 
2 
- 
The eneration rate g(x)  ( i n  cm '-sec-'), w a s  found by following 
2 
-cy x 
9 (17) h ah N ( h )  cy e A g(x> = 
-1 where cy i s  the absorption coef f ic ien t  i n  cm and X i s  the wavelength i n  
pm. 
imposed by the band gap and op t i ca l  absorption. 
measured under a i r  mass one ( A M l )  conditions. 
atmosphere i s  relatively large i n  the bandgap region of s i l icon,  so  Ey. 
17, which i s  based on a i r  mass zero (AMO), was appropriately reduced. 
A 
The l i m i t s  on the i n t e g r a l  are Kleimam's and correspond t o  l i m i t s  
The T I  t e s t  c e l l  w a s  
The energy absorbed by the 
The main objective of t h i s  t e s t  to simulate a so la r  c e l l  has been 
f u l f i l l e d ,  as i s  shown i n  Fig. 26, where the  calculated I - V  curve i s  can- 
p r e d  with the measured I - V  curve. 
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Fige 26 Measured I-V curve campared with c e l l  simulated by the 
PN code. Both c e l l s  are graded junction i n  AM1 sunlight. 
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6.4 DEPENDENCE OF ELECTRICAL OUTPUT ON PHYSICAL PARAMETERS 
Some of the more important inputs  t o  the PN code are the  doping, junc- 
t i on  depth, lifetime, e t c .  I n  order t o  f u l l y  understand the operation of a 
c e l l ,  it i s  necessary t o  know how these parameters a f f e c t  the e l e c t r i c a l  
output of the  c e l l .  Various calculat ions,  applicable t o  spec ia l  c e l l s ,  
appear i n  the literature- A f e w  computer runs were undertaken t o  t e s t  some 
of these ana ly t i ca l  expressions. 
The analysis  of Wysocki and Rappaport, (49) f o r  example, can be used t o  
* obtain an approximation f o r  the open-circuit voltage, 
voc (kT/q) i n  (Isc/Io) e 
In  Eq. 18, I i s  the reverse saturat ion current  f o r  an 0 
2 
' 0  = qni (Ln/TnNA + Lp/TpND) ' 
I n  Eq. 19, the d i f fus ion  lengths L ( i n  cm) are 
L = G ,  
i d e a l  diode, 
(19) 
i 
W e  shall la ter  f i n d  ( c f .  pp. 85, 
N and N are doping dens i t i e s  on the  P and N s ides ,  respectively,  and n 
i s  the i n t r i n s i c  c a r r i e r  concentration. 
86) tha t ,  under s o l a r  i l lumination, Isc does not vary much with l i fe t ime 
T a i n  t h i s  case, and assuming a la rge  doping ND, Eq. 18 predic t s  t h a t  V 
w i l l  vary as (kT/q)lo<. 
A D 
n' oc 
For penetrating uniform light, on the other  
hand, Isc a < and Voc cc (kT/q)logTn. 
6.4.1 )(sc Calculation of Open-circuit Voltage, vOc 
A d i f f e ren t  calculat ion of the open-circuit voltage can be made by 
arguing t h a t  the generation, g, w i l l  c reate  an e lec t ron  density,  gTn, i n  
the base region. This densi ty  w i l l  f i l l  the  conduction band up t o  an 
energy E , given by 
P 
*The v a l i d i t y  of this approximation rests on the  f a c t  t h a t  i n  Eq. 15 
of Refs 49 the  idea l  diode current contains a f ac to r  exp(qV/kT), while the 
recombination current  contains a f ac to r  sinh( qV/2kT). 
nates  the second f o r  V = Voc 2 0.5. 
t o  a so la r  c e l l  which has uniform doping dens i t i e s  on e i t h e r  side of  the  
junction. This i s  consis tent  with a constant Fermi level on e i t h e r  s ide 
of  the junction and a generation rate which dues not depend on posi t ion.  
The f i r s t  term domi- 
**The a n a y t i c a l  expressions derived i n  this sect ion spec i f i ca l ly  apply 
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where q 
the N region, ND, must s a t i s f y  an analogous r e l a t ion  
i s  the Fermi level on the P side.  The density of e lectrons i n  
P 
An expression r e l a t ing  the energies i s  found by dividing Eq. 2 1 b y  Eq. 22 
t o  f ind  
The difference i n  Fermi leve ls  represents the  energy gained by t ransferr ing 
a s ingle  e lectron from one s ide t o  the other;  i . ee ,  it i s  qV,,: 
The two populations o f  e lectrons,  while not i n  thermodynamic equilb- 
are f r e e  t o  exchange electrons across the - rim ( i f  they were, qn - V J >  
junction, u n t i l  they both reach the same energy level .  This i s  i l l u s -  
t r a t e d  i n  Fig. 27. The bottom of the band on the N side i s  lowered by 
the  b u i l t - i n  voltage, qVb, which can be calculated from the doping 
dens i t ies :  
E = En - qVb * 
P 
The use of Eqso 24 and 25 i n  Eq. 23 y ie lds  
I En E P 
"b 
Figs 27 Diagram showing the r e l a t ive  energies of c a r r i e r s  
across an n/p solar ce l l  junction 
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Note t h a t  gr  / N  
than Vb. 
cause V 
i s  l e s s  than one f o r  a l l  p r a c t i c a l  cases, so V i s  l e s s  
approaches uni ty  be- 
n D  oc 
(Equation 26 must become inva l id  as gT /N 
can never exceed V .) 
n D  
oc b 
To compare the PN code predictions w i t h  the  ana ly t i ca l  expression 
given by Eq. 26, input  parameters representing a s t e p  junction, with 
values given i n  Table 4, were supplied t o  the code, 
versus generation r a t e  i s  shown i n  Fig. 28. 
voltage calculated from the empirical equation (18), where Io w a s  calcu- 
l a t ed  from Eq. 19 and Isc w a s  generated by the PN code. 
agreement between V calculated by the PN code and Eq. 26 shows tha t  t he  
code cor rec t ly  ca lcu la tes  Voc i n  the l i m i t s  imposed by t h i s  special  and 
ana ly t ica l ly  soluble case, and gives one confidence tha t  the code may be 
applied t o  more r e a l i s t i c  solar c e l l  configurations, including graded- 
junction devices e 
Open-circuit voltage 
Also  shown i s  the open-circuit  
The excel lent  
oc 
Table 4 
INPUT PARAMETERS FOR PN CODE 
STEP JUNCTION CEIL 
Doping ( ) T (sec)  L / N ~  (cm 4 /see) 
- 14 N side 10 2.5 10-9 1.2 x 10 -4 4.8 x io 18 
5.0 x 1.2 x lom2 1.6 x 15 P s ide 1 .5  x 10 
The graded junction does not  s a t i s f y  the simple assumptions of uni- 
form generation and doping, bu t  both Eqs. 18 and 26 suggest that Voc 
var ies  as log  T. 
which had the complimentary e r r o r  function diffused junction, the rela- 
t ionship between open-circuit  voltage (calculated by the PN code) and 
minori ty-carr ier  l ifetime 2.n the base T~ i s  shown i n  Fig. 8. 
of 7 i n  the  base i s  not an important parameter; but  i n  any case, 7 w a s  
P P 
changed whenever T~ w a s  changed t o  keep the r a t i o  T /'T 
29 shows that Voc does depend l i n e a r l y  on log  7, w i t h  a slope AV/Al.ogT 
equal t o  about 0.0137 v o l t  which i s  roughly 0.5 x kT. 
d i c t s  a value of 0,5 kT f o r  the  case of s o l a r  i l lumination. 
Returning t o  t he  o r ig ina l  so l a r  c e l l  configuration, 
The values 
= 0.82. Figure 
P n  
Equation 18 pre- 
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Fig. 29 Variation of open-circuit  voltage, Voc, with minority-carrier l i fe t ime 
i n  the base, T ~ ,  as calculated by PN code. C e l l  i s  graded junction on 
10-ohm-cm material, illuminated by a so la r  spectrum e 
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6-4.2 Short-circui t  Current 
We now inquire i n t o  the so la r  c e l l ' s  shor t -c i rcu i t  current.  Cooley (50) 
gives  
I = CL/(L +  CY) , (27) sc  
where C i s  a proport ional i ty  constant, L i s  the d i f fus ion  length, and CY i s  
t h e  frequency-dependent o p t i c a l  absorption coeff ic ient .  Again, i n  order 
t o  disCover whether the data  calculated by the PN code exhib i t  any re@- 
l a r i t y ,  they were t e s t ed  against  the funct ional  form of Eq. 27. 
27 w a s  r ecas t  i n  the form 
Equation 
so that, if Eq. 28 i s  obeyed, a p l o t  of 1/I versus 1/L should be a straight, 
l i n e .  Figure 30 shows tha t  t h i s  i s  approximately the case f o r  the l a rge r  
values of I /L .  
3 -1 gives CY M 1.45 x 10 cm e This number i s  about equal t o  the at tenuat ion 
coef f ic ien t  i n  the  neighborhood of the spec t ra l  response peak f o r  a so l a r  
c e l l  with diffusion length of o d e r  cm or less. The points  appear t o  
break a w a y  from the  l i n e a r  r e l a t ion  f o r  smaller 1/L, so Eq. 28 may not be 
applicable f o r  large diffusion lengths.  
The in te rcept  ind ica tes  t h a t  C i s  31.8 mA/crn2 and the slope 
The f a c t  t h a t  Eq. 28 adequately describes a graded-junction s o l a r  c e l l  
for L < l oq2  cm i s  very useful  i n  assessing the degradation of current  by a 
process which uniformly changes d i f fus ion  length, neutron and high-energy 
e lec t ron  damage being examples. 
I n  the important case of low-energy proton damage, Eq. 28 i s  of no 
avail, so a spec i f ic  computation was made f o r  this case, as described i n  
the  next section. 
6.5 C O M P U I E R - S I ~ ~  300-keV PROTON DAMAGE 
The PN code has been used t o  ca lcu la te  the I - V  output of the 10-ohm-cm 
N-on-P Texas Instruments c e l l  previously discussed, af ter  it had been ex- 
posed t o  normally incident  300-keV proton fluences up t o  10 15 /cm 2 (I Low- 
energy proton rad ia t ion  i s  taken to be typ ica l  of space radiat ion,  and i s  
thought t o  provide a s t r ingent  test f o r  %e app l i cab i l i t y  of the PN code, 
because of the nonuniform d i s t r ibu t ion  of recombination centers  produced 
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by such radiat ion.  Proton damage w a s  simulated by adding radiation-induced 
recombination centers  t o  Eqs. 9 and 10. 
ters produced depends on the proton's energy, and the proton's energy 
depends on i t s  penetration depth. 
c a r r i e r  removal sites i n  addi t ion t o  degrading the l i fe t ime.  Carr ier  
removal w a s  i n i t i a l l y  assumed t o  be of less importance i n  degrading so la r  
c e l l  performance than lifetime degradation; however, the influence of car-  
r i e r  removal was la ter  estimated. 
The number of recanbination cen- 
These recombination centers may a c t  as 
The var ia t ion  of proton energy w i t h  depth i s  found from the tabula- 
t i ons  of Janni (51) which give the range R(EO) ( i n  cm), of normally incident 
protons of energy, Eo ( i n  keV): 
TEO 
where w = dE/dX i s  the energy lo s s  i n  keV/cm and<cos 8> i s  the mean value 
of the cosine of the angle of the project ion of the proton ve loc i ty  t o  i t s  
or ig ina l  direct ion.  If w e  define R(E,EO) as the range a t  which the proton 
with i n i t i a l  energy Eo has energy E, then 
<COS e> ~ E / W  = R ( E ~ ) - . R ( E )  . 
Table 5 gives R(E) and R(E,EO) versus E f o r  Eo = 300 keV. The func- 
t i o n  R(E,300) i s  roughly l i n e a r  i n  E. 
Table 5 
RANGE VERSUS ENERGY FOR LOW-ENERGY 
PROTONS I N  SILICON 
0 0 3.65 
100 1.22 2.43 
150 1.74 1.91 
200 2.33 1.32 
25 0 3.00 x i o  -4 0.65 
0 -4 300 3e65 x 10 
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To ca lcu la te  the number of defects  a t  depth R, we used the results of 
Crowther e t  al . ,  (52)  as extended by Barret t  and Stroud. (43) References 52 
and 43 use the diffusion length (L)  degradation w i t h  fluence 9: 
which, because of Eq. 20, can be w r i t t e n  
In  par t icu lar ,  Refs. 43 and 52 report  the spec i f ic  funct ional  form 
where h2 i s  the r e s i s t i v i t y  i n  ohm-cm, E i s  the proton energy i n  MeV, and 
K i t s e l f  has the un i t s  proton . -1 L 
The computer code requires the recqmbination center  introduction ra te ,  
5, defined by 
= K~ A@ , (34) 
which can a l s o  be wri t ten as 
Combining Eqs.  32 through 35, one f inds  
r;, = (D/ov) KL = (6 x 10 9 ) KL , (36) 
2 
i f  the standard values of D = 30 cm /sec and 5v = 5 x lo-' cm3/sec are used 
for 10-ohm-cm material. However, a value of % = (1.5 x lo9) 5 was found 
t o  give a b e t t e r  f i t  t o  the data  of S t a t l e r  and Curtin.(53) 
r e s u l t  can be achieved by increasing the 5v product or decreasing the value 
of KL(E) by a f ac to r  of 4. 
describe the proton degradation of the c e l l  being simulated. This obser- 
!Ibis f i n a l  
This indicates  t h a t  Eq. 33 does not accurately 
vation i s  consis tent  with the findings of Bar re t t  and Strouil. (43) 
Values of % and AN f o r  CP = lolo and l O l 5  protons/cm2 are given i n  
Table 6. 
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Figure 31 presents a family of I - V  curves calculated by the PN code 
f o r  the 10-ohm-cm N-on-P c e l l  described i n  d e t a i l  i n  Section 6.3- The 
i n i t i a l  I - V  output ( a l s o  shown i n  Fig. 26) and the degraded I-V output 
a f t e r  300-keV proton fluences of 1 x 1 x and 1 x p/cm2 
are shown. The i l l m i n a t i o n  l eve l  was one so lar  spectrum a t  air  mass one 
( A M l ) ,  and the degraded curves were obtained by adding the  s p a t i a l  d i s t r i -  
bution of proton-induced recombination centers  as given i n  Table 6 t o  the 
i n i t i a l  recombination center  d i s t r ibu t ion  selected i n  Section 6.3 a 
Figure 32 shows the degradation of shor t -c i rcu i t  current  with f luence, 
normalized t o  the unirradiated value. Both the r e su l t s  of the PN code and 
experimental resul ts* by S t a t l e r  and C u r t i r ~ ' ~ ~ )  a re shown. 
the present calculat ion i s  qui te  sa t i s fac tory .  The f l a t t en ing  with higher 
fluence i s  more pronounced i n  the experimental curve than i n  the PN compu- 
ta t ion.  'Ibis may be because the damage constant tends to decrease f o r  
large fluence where c a r r i e r  removal e f f e c t s  begin t o  become important. 
The trend of 
Some e f f o r t  has been devoted t o  invest igat ing the e f f e c t  of c a r r i e r  
removal on so l a r  c e l l  degradation. Carrier removal r e f l e c t s  back on l i f e -  
time by changing the in jec t ion  leve l .  Most of the spec i f ic  information on 
c a r r i e r  removal t o  be found in  l i t e r a t u r e  resul ted from neutron i r rad ia-  
t i o n  experiments. A s  a f i r s t  approximation, we assume t h a t  neutron damage 
and proton damage are su f f i c i en t ly  similar that neutron radiat ion r e s u l t s  
d i f f e r  from proton damage only by some scale  fac tor ;  thus, the results may 
d i f f e r  numerically bu t  are qua l i ta t ive ly  ident ica l .  Appropriate correc- 
t ions  can la te r  be supplied. 
Bueh ler  (54) has found that the r e s i s t i v i t y ,  p ( i n  ohm-em), varies 
2 with fluence P, ( i n  par-ticles/cm ) according to 
The parameter k i n  Eqe 37 i s  
2 k = 387 Po 0e77 = 4.87 x lOl4 (particles/cm ) , 
The data  of S t a t l e r  and Curtin were ac tua l ly  on c e l l s  p a r t i a l l y  
For the purpose of comparison 
* 
shielded, or covered by cover glasses .  
with PN code predictions,  t h e i r  r e s u l t s  were extrapolated t o  the l i m i t  
of a bare c e l l .  
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Fig. 31  Current-voltage curves of a graded-junction c e l l  degraded by 300-keV 
protons to  fluences as marked on curves. Undamaged c e l l  i s  the one 
shown i n  Fig. 26 and discussed i n  Section 6.3. 
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1 5  where p the i n i t i a l  hole concentration, w a s  taken to be p = 5 x 10 
crnm3, the value used f o r  the  simulated c e l l .  
0 0 
Gregory (55) has measured a l i fe t ime degradation coef f ic ien t  f o r  neu- 
trons,  K, which he def ines  by 
A ( ~ / T )  = A Q / K ( Q )  (39 1 
The coef f ic ien t  K ( P )  i s  found to depend on fluence and resistivity, and a 
p l o t  of Gregory's da t a  on log-log coordinates shows t h a t  K(@) varies approx- 
imately as the 0.5 power of resistivity ( p )  and as the 0.2 power of injec- 
t i o n  l e v e l  (n/p). The hole density,  p, i s  proportional to l / p ,  so  
The damage-induced lifetime i s  calculated by taking such small fluence 
s teps  t h a t  the differences can be considered t o  be d i f f e r e n t i a l s :  
If 0.7@/k i s  much less than one, Eq. 41  reduces to Eq. 39, but  f o r  P, = 
1015, Eq. 4 1  gives a 1/1- that i s  0.53 times the value found from Eq. 39. 
A computer run with t h i s  T increases the current  r a t i o  shown on Fig. 32 
2 from 0.26 to 0.31 a t  Q = 1015 p/cm e The correct ion i s  i n  the r i g h t  direc- 
t i on  but  not of su f f i c i en t  magnitude to bring the r a t i o  up to the experi- 
mental r a t i o  of  0.44. 
removal on the damage constant i s  g rea t e r  f o r  i r r ad ia t ion  by protons than 
estimated abwe using neutron data.  
This probably means tha t  the e f f e c t  of c a r r i e r  
6 - 6 CONCLUSIONS 
The above r e s u l t s  indicate  t h a t  the F'N code i s  a very usefu l  and power- 
fa tool f o r  computing the I - V  cha rac t e r i s t i c s  of so l a r  c e l l s  and i n  study- 
ing how changes i n  t h e  c e l l ,  such as radiat ion damage, change the e l e c t r i c a l  
output. The agreement between r e s u l t s  from the PN code f o r  an abrupt s t e p  
junction and simplified analyses assures that the code w i l l  give r e a l i s t i c  
results f o r  more complicated junctions which cannot be analyzed by the 
simpler techniques. I n  par t icu lar ,  the contribution to the so l a r  c e l l  
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curren t  due t o  the heavily doped face of the c e l l  could be studied by vary- 
i n g  the l i fe t ime i n  t h i s  region. Also, the  e f f e c t  of nonuniform damage, 
such as tha t  caused by low-energy protons, can be computed, bu t  more work 
i s  required to determine the magnitude of some of the degradation parameters 
a t  large fluences. 
7. OTHER WORK 
During November of t h i s  year, several lithium-diffused s i l i con  s o l a r  
c e l l s  were i r rad ia ted  with 30-MeV electrons to fluences of 3 x 1014 and 
3 x 1015 e/cm 
Group. The da ta  from the c e l l s  are to be used i n  t h e i r  Jet, Propulsion 
Laboratom (JPL) program. 
2 a t  room temperatures, f o r  D r .  J. R. Carter of TRW Systems 
4 A t  the same t i m e ,  a sample of 10 -ohm-cm float-zone s i l i con  from the 
boule investigated i n  t h i s  contract  w a s  i r r ad ia t ed  to i n t r i n s i c  resisti- 
v i t y  and supplied t o  D r .  R. J. S t i r n  of JPL. 
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8. SUMMARY OF CONCLUSIONS 
The conclusions from the  b a s i c  research performed on s i l i c o n  a r e  
var ied  and he lp  t o  i l lumina te  t h e  nature of defec ts  i n  i r r a d i a t e d  s i l i c o n .  
During t h i s  program, s p e c i a l  emphasis w a s  placed on minority-carrier l i f e -  
time measurements, s ince  t h e  performance of s o l a r  energy devices is  l a rge ly  
determined by the  minor i ty-car r ie r  l i f e t i m e .  
surements, along with in f r a red  absorption measurements, were used t o  help 
i l luminate the  d e t a i l e d  nature of t he  defec ts .  
Electron-spin resonance mea- 
8.1 MINORITY-CARRIER LIFETINE 
8.1.1 30-MeV Electron I r r ad ia t ion  
The minor i ty-car r ie r  l i f e t ime  of 30-MeV e lec t ron- i r rad ia ted ,  FZ and 
QC l i thium-diffused n-type s i l i c o n  was s tudied .  The l i f e t ime  temperature 
dependence, degradation r a t e ,  and annealing c h a r a c t e r i s t i c s  were measured. 
Both l i g h t l y  d i f fused  (n i 2.0 x 
1.0 x 10 ) samples were inves t iga ted .  From these  studies,  t he  following 
conclusions can be drawn. 
~ m - ~ )  and heavi ly  d i f fused  ( n  0 0 16 
1. The i n i t i a l  p r e i r r a d i a t i o n  l i f e t i m e  of l i g h t l y  d i f fused  FZ 
s i l i c o n  i s  due t o  a t  l e a s t  two centers .  I ts  temperature 
dependence ind ica t e s  one center  of unknown charge near (E  
0.17) eV, and an a t t r a c t i v e  center  deeper than 0.35 e V  from 
e i t h e r  band edge. The shallow center  i s  not t he  A cen ter  
because, i n  l i g h t l y  d i f fused  E s i l i c o n ,  p re i r r ad ia t ion  l i f e -  
time measurements i nd ica t e  a t t r a c t i v e  recombination centers  
f u r t h e r  than 0.3 e V  from a band edge, and no center near 
(Ec - 0.17) eV. 
cent ra t ion  i n  t h e  heavily d i f fused  s i l i c o n  w a s  s o  high, the  
minor i ty-car r ie r  l i f e t i m e  temperature dependence could not d i s -  
t inguish  between t h e  two centers  if  both were present.  Our 
- 
C 
Because the  i n i t i a l  conduction e lec t ron  con- 
measurements on heavily diffused FZ and QC s i l i con  indicate  
a t t r a c t i v e  centers  deeper than (Ec - 0.17) eV. 
2, A t  l e a s t  two kinds of recombination centers a re  introduced 
i n  l i g h t l y  diffused FZ s i l i c o n  by the 30-MeV electron irradia- 
t ion: one deeper than about 0.35 eV, which controls recombina- 
t i on  above 150' t o  200°K, and one near (E - 0.17) eV, which i s  
dominant below 150' t o  200°K. 
induced recombination centers seem t o  be more than 0.3 e V  from 
a band edge. The recombination centers i n  heavily diffused 
s i l i c o n  a re  not  wel l  located but are  deeper than (Ec - 0.17) eV. 
C 
In QC s i l i con ,  a l l  radiation- 
3. The room-temperature minority-carrier l i fe t ime degradation 
constant f o r  heavily diffused FZ and QC s i l i con  w a s  approximately 
twice t h a t  f o r  l i g h t l y  diffused or nondiffused s i l icon .  The 
increased degradation constant of heavily lithium-diffused 
s i l i con  compared with t h a t  of non-lithium-diffused s i l i con  i s  
interpreted t o  indicate  t h a t  the  presence of l i t h i m  i s  effec-  
t i v e  i n  the production of recombination centers i n  lithium- 
diffused s i l icon .  These recombination centers e i t h e r  contain 
l i thium or are af fec ted  i n  t h e i r  production by l i thium. 
4. In  l i g h t l y  diffused FZ and QC s i l i con ,  t he  minority-carrier 
l i fe t ime a t  and above room temperature i s  control led by recom- 
binat ion through centers fu r the r  than about 0.3 eV from e i t h e r  
band edge. mese  centers show f i r s t - o r d e r  thermal annealing 
near 380 &20°K, with ac t iva t ion  energies of 0.8 50.1 eV f o r  
FZ and l a l & O e 2  e V  f o r  QC s i l i con .  Effect ive frequency f ac to r s  
sca le  with l i thium concentration. 
5. In  l i g h t l y  diffused FZ s i l icon ,  the radiation-induced center  a t  
(Ec - 0.17) eV which i s  dominant a t  low temperatures w a s  not 
appreciably annealed i n  1 hour a t  390 K but  appears t o  anneal, 
a t  least pa r t i a l ly ,  over long periods a t  room temperature. 
0 
6 e  The annealing of the recombination centers  i n  l i g h t l y  irradi- 
ated,  heavily diffused FZ and QC s i l i con  i s  apparently complete. 
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However., a f t e r  extended f luences ., the  annealing of t he  recombi- 
na t ion  centers  i s  not complete; not aLX the  recombination centers  
a r e  annealed. Trapping centers  a l s o  a r e  crea.ted, apparently dur- 
ing  thermal anneal, and these are not  reduced by thermal annealing 
below 43O0K. 
able  t o  neu t r a l i ze  a recombination o r  trapping center.  
This may r e f l e c t  a depletion of l i th ium which i s  
‘7. I n  general ,  it appears t h a t  i n  e lec t ron- i r rad ia ted ,  l i thium- 
diffused, FZ and QC s i l i con ,  both lithium-dependent and non- 
lithium-dependent recombination centers  a r e  produced. The 
number of each depends on the  l i t h ium concentration, with t h e  
l a r g e s t  number of lithium-dependent centers  being found i n  
highly d i f fused  s i l i c o n  and t h e  l a r g e s t  number of non-lithium- 
dependent centers  being found i n  l i g h t l y  d i f fused  s i l i c o n .  
8. No i r r a d i a t i o n  temperature dependence of the  recombination cen- 
t e r  introduction r a t e  for 30-MeV e lec t rons  i n  t h e  1.15 t o  
300 K temperature range was observed. However, the minority- 
c a r r i e r  l i f e t i m e  degradation constant for l i thium-diffused 
samples i r r a d i a t e d  and measured a t  300 K i s  f i v e  t o  t en  times 
smaller than t h a t  f o r  samples i r r a d i a t e d  and measured a t  lI-5 K. 
This may be a t t r i b u t e d  t o  t h e  temperature dependence of t he  
recombination center  capture c ross  sec t ion .  
0 
0 
0 
0 
9. Isochronal and isothermal annealing r e s u l t s  on both FZ and QC 
l i thium-diffused, e l ec t ron - i r r ad ia t ed  s i l i c o n  ind ica t e  t h a t  t h e  
anneal i s  a single-stage,  f i r s t - o r d e r  anneal. Activation energ ies  
of 0.8 f 0 .1  e V  f o r  FZ samples and 1.1 f 0.2 e V  f o r  QC samples 
were observed, which agree with the  a c t i v a t i o n  energ ies  of d i f -  
fus ion  of l i th ium i n  FZ and QC silicon,(21) respec t ive ly .  
t i v e  frequency f a c t o r s  ranged from lo7 t o  10” see-’, increasing 
with increas ing  l i t h i u m  donor dens i ty .  These f a c t s  s t rongly  sug- 
g e s t  t h a t  the thermal annealing of r ad ia t ion  de fec t s  i n  l i t h i u m -  
d i f fused  s i l i c o n  i s  due t o  the migration of l i thium t o  the  de fec t  
c e n t e r ,  
Effec- 
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8.1.2 Fiss ion Neutron I r rad ia t ions  
A number of observations can be made concerning the  r e s u l t s  of 
minority-carrier l i fe t ime s tudies  i n  fission-neutron-irradiated lithium- 
diffused s i l icon .  F i r s t ,  the l i fe t ime degradation constant f o r  4-ohm-em 
FZ s i l i c o n  i s  near ly  the same as f o r  s i l i con  containing no l i thium ( K  
6 x 
dence f o r  neutron damage. The degradation constant for oxygen-rich QC 
cm*/n-sec), which i s  consistent with the  lack of impurity depen- 
s i l i con ,  however, i s  more than twice as great,  suggesting a radiation- 
induced recombination center which contains or whose creation depends 
upon oxygen. 
a t  temperatures between 300' and 380 K. From S te in ' s  data, one would 
expect less than 10% recovery f o r  non-lithium-diffused n-type s i l i con  
subjected t o  the  same annealing schedule. This i s  t o  be contrasted with 
the ins igni f icant  impurity dependence of the  annealing observed f o r  
phosphorus- and arsenic-doped n-type s i l icon .  Third, the ac t iva t ion  ener- 
gies  determined fran isothermal and isochronal anneals are very close t o  
E = 0.66 hO.05 e V  f o r  Che energy of lithium diffusion i n  FZ s i l icon .  
annealing r e s u l t s  f o r  QC s i l i con  are more uncertain, but  indicate  an energy 
Second, more than 90% of the  neutron damage was annealed 
0 
The 
of E w 1.2 h0.6 eV. The ac t iva t ion  energy f o r  lithium-oxygen d issoc ia t ion  
and l i thium diffusion i s  thought t o  be about 1.07*O.O5 eV. This strongly 
suggests t h a t  the  anneal depends on t h e  diffusion of l i thium t o  the 
neutron-produced recombination centers i n  both FZ and QC s i l i con ,  Finally,  
the e f f ec t ive  frequency f ac to r  of v W 10 sec f o r  annealing i n  FZ s i l i -  
con suggests long-range migration. 
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8.2 EIXCTRON-SPIN RESODANCE 
Three spec i f ic  defects  have been observed i n  e lectron-irradiated 
lithium-diffused s i l icon ,  two by electron-spin resonance techniques and 
one by inf ra red  absorption measurements. In  QC s i l i con ,  the  Si-B1 cen- 
t e r  introduction rate i s  t h e  same as i n  non-diffused s i l i c o n  (-0.15 cm 
as long as the  l i thium densi ty  i s  much l e s s  than the oxygen density. 
When the l i thium and oxygen dens i t ies  a re  comparable, the  B 1  center in t ro-  
duction rate i s  s igni f icant ly  reduced (-0-025 em-') e 
t o  the lithium-oxygen pairing, reducing the nmber of oxygen atoms avail- 
able t o  form oxygen-vacancy (Si-B1) centers,  o r  t o  competition between 
oxygen and the pos i t ive ly  charged donors for the vacancies. The B1 center  
-1 
) 
W e  can a t t r i b u t e  this 
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i n  lithium-diffused s i l i con  i s  found t o  anneal below 400°K instead of 
near 600 K, as i n  nondiffused s i l icon .  
decreased as  the S i -B1  center annealed, When phorphorus-doped s i l i con  
i s  lithium-diffused t o  a l i thium donor density up t o  three times the 
o r ig ina l  phosphorus density, the number of phosphorus donors remains 
unchanged, indicat ing t h a t  1ithi.um-phosphorus pair ing does not occur. In 
phosphorus-doped lithium-diffused s i l icon  (10 P/cc; Li/cc), 3O-MeY 
electron i r r ad ia t ions  of 1017 e/cm2 below 15OoK are found t o  produce Si-@ 
(phosphorus-vacancy) defects  a t  a r a t e  comparable to  nondiffused s i l icon .  
Production and annealing studies on the Si-G8 center  a t  these densi ty  and 
fluence leve ls  indicate  t h a t  the presence of l i t h ium has l i t t l e  or no 
e f f ec t  on the  creat ion or annealing of t h a t  center.  
0 + The LiU density and conductivity 
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8.3 INFRAFED AB,SORPTION 
17 Inf'rared absorption measurements indicate  that ,  a t  fluences of 10 
2 e/cm , the introduction rate of the Si-G7 center (divacancy) i s  comparable 
t o  e lectron-irradiated lithium-diffused (5 x l0l6 Li/cc) and nondiffused 
s i l icon .  
pared with -325' t o  575OK i n  nondiffused s i l icon .  
band disappears, new bands near 1.4 and 1.65 pm appear, and these anneal 
near 6OO0K. 
0 The divacancy anneals a t  or below 300 K i n  diffused s i l icon ,  com- 
A s  the 1.8-pm divacancy 
8.4 COMPUTER SIMULATION O F  SOUR CELL 
Our ESR and I R  measurements have iden t i f i ed  three known rad ia t ion  
defects,  thought t o  be recombination centers,  i n  lithium-diffused s i l icon ,  
and have measured t h e i r  introduction and and anneal rates. From lifetime 
measurements, w e  have information about &e energy levels, introduction, 
and annealing rates of radiation-induced recombination centers i n  lith: 1 um- 
diffused s i l i c o n  of various l i thium and oxygen dens i t ies .  Although w e  
have not i den t i f i ed  these defects,  t h e i r  measured introduction and anneal- 
ing rates should permit us t o  use our PN computer code to predict  the 
degradation and anneal of so l a r  c e l l s  e 
The PN code has been shown t o  be a very useful  t o o l  f o r  computing the 
current-voltage (I-V) cha rac t e r i s t i c s  of  so l a r  c e l l s  and i n  studying how 
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changes i n  the  ce l l ,  such as rad ia t ion  damage or d i f f e ren t  doping density 
prof i les ,  change the e l e c t r i c a l  output. The agreement between r e su l t s  
from the  PN code f o r  a simple step-junction c e l l  and ana ly t i ca l  expres- 
sions which hold f o r  t h i s  s implif ied c e l l  configuration give confidence 
t h a t  t he  code gives correct  r e s u l t s  f o r  more complicated and r e a l i s t i c  
junctions which cannot be analyzed by the simpler techniques. The code 
has been successfully applied t o  ca lcu la te  the I-V degradation of a 
r e a l i s t i c  solar c e l l  i r r ad ia t ed  with low-energy protons. Both the or ig-  
i n a l  recombination center dens i t ies  and the radiat ion damage centers were 
s p a t i a l l y  nonuniform. 
experimental results. 
The code's predictions compare favorably with 
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9. RECOMMENDATIONS FOR FUTURE WORK 
The o v e r a l l  goal  of t h i s  research program has been the d.evelopment 
of b e t t e r  s o l a r  c e l l s  f o r  space missions and the accumulation of the  
basic  data required t o  cor rec t ly  predict  the  e f f e c t  of radiat ion damage 
on s o l a r  c e l l  performance. These objectives have been p a r t i a l l y  f u l -  
f i l l e d  over the  past  severa l  years, during which a la rge  amount of infor-  
mation has been obtained on radiat ion damage t o  s i l i c o n  with and without 
l i thium. 
tasks  which remain a r e  the development of a r e l i a b l e  method f o r  predict-  
ing the performance of s o l a r  c e l l s  subjected t o  various radiat ion fluences 
and the appl icat ion of t h i s  information t o  t r y  t o  improve the output and 
rad ia t ion  hardness of s o l a r  c e l l s .  Gulf Rad Tech suggests t h a t  the con- 
t inua t ion  of the present program concentrate heavily on these two areas .  
To br ing t h i s  program t o  a successful conclusion, the main 
The present methods of predict ing the e f f e c t  of rad ia t ion  damage on 
s o l a r  c e l l  performance r e l y  extensiveJy on cos t ly  and time-consuming long- 
term t e s t i n g  of s o l a r  c e l l s  under simulated f l i g h t  conditions. Rad Tech 
believes t h a t  the delay and costs  inherent i n  t h i s  method could be g r e a t l y  
reduced by u t i l i z i n g  a program combining accelerated tes ' t ing and ana ly t ica l  
prediction. Under the accelerated t e s t s ,  s o l a r  c e l l s  would be i r r a d i a t e d  
t o  fluences comparable t o  those experienced on space missions but a t  con- 
s iderably f a s t e r  ra tes ,  s o  t h a t  the t o t a l  fuences could be delivered i n  
a few days or weeks r a t h e r  than months o r  years. From our experience 
with bas ic  mechanisms of rad ia t ion  damage, the  dose r a t e s  can be chosen 
so  t h a t  dose r a t e  e f f e c t s  a r e  negl igible  and only the total dose is  impor- 
t a n t .  
the  r e s u l t s  could be extrapolated or interpolated t o  the spec i f ic  radia-  
t i o n  time h i s t o r i e s  f o r  any mission. This ana ly t ic  predict ion could be 
accomplished using the  PN code, which has been described previously. 
Using the  r e s u l t s  from t h e  accelerated t e s t s  f o r  a r b i t r a r y  fluences, 
For 
each c e l l ,  the  parameters f o r  the code would be determined by independent 
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l i fe t ime and capacitance-voltage measurements and then by comparison of 
calculated I - V  curves with experiment. When sa t i s f ac to ry  r e s u l t s  have 
been obtained f o r  the unirradiated ce l l s ,  changes i n  the parameters due 
t o  rad ia t ion  damage would be estimated from the  open l i terature,  and 
these parameters would be adjusted u n t i l  agreement was again obtained 
between calculated I -V  curves f o r  a spec i f ic  fluence and the corresponding 
experimental r e s u l t s  from the  accelerated t e s t s .  
have been determined f o r  a given c e l l  and a par t icu lar  kind of radiat ion 
per u n i t  fluence, r e s u l t s  can be e a s i l y  predicted f o r  any other combina- 
t i on  of i r r ad ia t ing  pa r t i c l e s  and f luences e 
Once the parameters 
The increased demand f o r  power and low weight on space missions 
emphasizes the  need f o r  more e f f i c i e n t  so la r  c e l l s .  The gradual improve- 
ment i n  so l a r  c e l l  performance s ince they were f i r s t  suggested has resul ted 
mostly from improved technology i n  the  manufacturing process. 
there  i s  s t i l l  much t h a t  i s  not known about how important cer ta in  fea tures  
of a so l a r  c e l l  are i n  determining i t s  performance. Consequently, without 
such knowledge, so l a r  c e l l  manufacturers cannot be sure what a r e  the most 
advantageous avenues f o r  improvement and, therefore,  where t o  concentrate 
t h e i r  e f f o r t s .  
so l a r  ce l l s ,  bu t  these e f f o r t s  have been hampered by the  complexity of 
the  equations and the  many assumptions t h a t  of ten had t o  be made t o  obtain 
t r ac t ab le  problems. In  p r t i cu l a r ,  it w a s  d i f f i c u l t  t o  accurately con- 
s ide r  nonuniform s p a t i a l  e f f ec t s  such a s  t h a t  due t o  low-energy proton 
damage e 
However, 
Many attempts have been made t o  analyze the operation of 
Since the PN code incorporates the  complete equations f o r  the flow 
of charges i n  the semiconductor, it can simulate so la r  ce l l s ,  including 
surface and depletion region ef fec ts ,  without resor t ing  t o  gross simplify- 
ing assumptions, Also, nonuniform s p a t i a l  e f f ec t s  can be readi ly  included 
and parametric s tudies  of the  e f f e c t  of design changes can be performed 
e a s i l y  and accurately. 
In  s m a r y ,  Rad Tech bel ieves  t h a t  continued s tudies  on so la r  c e l l s  
could most prof i tab ly  be directed t o  developing b e t t e r  and cheaper pre- 
d ic t ion  techniques f o r  radiat ion e f f e c t s  on so la r  c e l l s  and t o  studying 
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t h e  b a s i c  mechamisms of s o l a r  c e l l  operation, with the  a i m  of improving 
t h e i r  operation and r a d i a t i o n  hardness. These objec t ives  could be obtained 
by a combined program of acce lera ted  t e s t i n g  and ana ly t i c  study u t i l i z i n g  
the  PN code. 
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10. NEW TECHNOLOGY 
No new technology i s  current ly  being developed o r  employed i n  this 
program. 
ll. PUBUCAITTONS ANI PRFSENTATIONS 
A paper en t i t l ed ,  "Minority-Carrier Lifetime Degradation and Anneal 
i n  Neutron-Irradiated Lithium-Diffused n-Type Silicon," by B e  C. Passenheim 
and J .  A. N a k e r ,  appeared i n  Radiation Effects  2, 229-231, March 1970. 
paper described work performed during 1969 under contract  NAS7-100. 
This 
A paper en t i t l ed ,  "Lithium-An Impurity of I n t e r e s t  i n  Radiation 
Effects  of Sil icon," by J. A. Naber, H. Horiye, and B. C. Passenheim, w a s  
presented a t  the 1970 Internat ional  Conference on Radiation Effects  i n  
Semiconductors, held a t  the State  University of New York a t  Albany, N.Y., 
i n  August 1970. 
ing  1971. 
This paper i s  t o  be published i n  Radiation Effects  dur- 
A paper en t i t l ed ,  "Production and Annealing of Defects i n  Li th ium-  
Diffused Si l icon af ter  I r rad ia t ion  with 30-MeV Electrons and Fission Neu- 
t rons a t  3OOoK," by J .  A. Naber, B. C .  Fassenheim, and R. A. Perger, w a s  
presented and published i n  the Proceedings of the Eighth Photovoltaic 
Spec ia l i s t s  Conference, held i n  Sea t t le ,  Washington, August 4-6, 1970. 
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